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ABSTRACT 
The development of the district of the Eixample started in 1860. During 90 years of 
construction, the repeatable model that gives the characteristic homogeneity to the district was 
improved and perfected. As a result of this process, the Eixample district is today, without any 
doubts, the most representative of the central part of the city of Barcelona. 
The district of the Eixample has the second highest population density in Spain and nearly 
70% of its buildings have a structural system that consists of unreinforced masonry bearing 
walls. During post-earthquake surveys performed on different historic European towns with 
this typology of buildings, collapse mechanisms that involve only localized portions of the 
building and not the entire structure have been identified. In this study, a seismic analysis of 
local collapse mechanisms is performed on a building that represents well the typology found 
in the district. The selected building corresponds to the “band” building plan configuration, 
located at the sides of the square blocks that conform the district. 
The capacity spectrum method for local collapse mechanisms proposed by the Italian 
Normative DM-14-01-08 is used in this study to evaluate the seismic vulnerability of the 
typical unreinforced masonry buildings of the Eixample district. In this methodology the 
capacity curve is determined based on the equilibrium limit analysis, in particular the 
kinematic approach (Heyman, 1966).  The seismic hazard is characterized by the demand 
spectra formulated by the Eurocode 8, the Spanish normative NCSE-02, and by demand 
spectra developed for the city of Barcelona by Irizarry (2004) using probabilistic and 
deterministic approaches. As part of the study a strengthening intervention is proposed. 
The results of the analysis indicate that the safety of out-of-plane mechanisms is not verified 
when the NCSE-02 types III and IV, and the Probabilistic Zone I spectra are considered. In 
several cases, the instability of the floor framing system due to the loss of support of the 
beams on the bearing walls controls the safety verification. Conversely, the in-plane 
mechanisms are safe for the seismic scenarios considered. The results of a parametric study 
reveal that the actual support length of the beams on the walls has a significant impact on the 
safety verification of the mechanisms, especially when frictional restrain forces are 
considered. The proposed intervention using steel ties effectively restrains the development of 
out-of-plane mechanisms and ensures the stability of the floor framing system. The study 
highlights the considerable seismic risk of the masonry buildings of the Eixample district. 
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RESUMEN 
La construcción del distrito de Eixample se inició en 1860. Durante los 90 años de su 
ejecución, el modelo repetitivo que le da al distrito su homogeneidad característica fue 
mejorado y perfeccionado. Como resultado de este proceso, el distrito de Eixample es hoy en 
dia, sin lugar a dudas, el más representativo del centro de Barcelona. 
La densidad poblacional del distrito de Eixample es la segunda más alta de España y cerca del 
70% de sus edificios posee un sistema estructural de muros de carga de mampostería no 
reforzada. Durante inspecciones visuales llevadas a cabo después de eventos sísmicos en 
diferentes pueblos Europeos con construcciones históricas de esta tipología, mecanismos de 
colapso que involucran solamente porciones localizadas de la estructura y no su totalidad han 
sido identificados. En el presente estudio se efectúa un análisis sísmico de mecanismos de 
colapso local para un edificio representativo de la tipología del distrito. El edificio 
seleccionado corresponde a un edificio de medianería. 
El método de capacidad espectral para mecanismos de colapso local propuesto en la norma 
Italiana DM-14-01-08, es utilizado para evaluar la vulnerabilidad sísmica de un edificio de 
mampostería no reforzada típico del distrito de Eixample. Esta metodología determina la 
curva de capacidad basándose en la teoría del análisis límite, particularmente en el método 
cinemático. La amenaza sísmica es caracterizada utilizando los espectros de demanda 
definidos en el Eurocódigo 8, la norma Española NCSE-02, y por medio de espectros de 
demanda desarrollados para la ciudad de Barcelona utilizando métodos probabilísticos y 
determinísticos (Irizarry, 2004). Como parte del estudio, se propone una intervención para el 
reforzamiento de la estructura. 
Los resultados del análisis indican que la seguridad de los mecanismos fuera del plano no es 
verificable cuando son considerados los espectros del NCSE-02 tipo III y IV, y el espectro 
Probabilístico para la Zona I. Frecuentemente, la inestabilidad del sistema de entrepiso 
causada por la pérdida de soporte en los muros de carga, controla la verificación de seguridad. 
Los resultados de un estudio paramétrico revelan que la longitud de soporte de la vigas sobre 
los muros tiene una influencia significativa en la verificación de la seguridad del mecanismo, 
especialmente cuando las fuerzas de fricción son consideradas. Este estudio resalta el 
considerable riesgo sísmico de los edificios de mampostería no reforzada del distrito de 
Eixample. 
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1. INTRODUCTION 
1.1 General Introduction 
During the first decades of the XIX century, the city of Barcelona experimented a period of 
vast population growth triggered by the drastic changes that the Industrial Revolution brought 
with it.  By the end of the 1930’s, Barcelona was a highly populated walled city, with 
increasingly public health problems, free space at its surroundings and relatively closed 
growing suburbs. Under these circumstances, the idea of developing a project for the 
enlargement of the city was not only crucial, but also very reasonable. This is how the project 
for the Eixample district was born. Built between 1860 and 1950, and designed by the 
engineer don Ildelfonso Cerdà, the district of Eixample, with its elegant façades and its 
chamfered corners, is nowadays the most representative of the central part of the city of 
Barcelona. 
The typical structural system of the buildings in this district consists of unreinforced masonry 
bearing walls that were designed to stand vertical loads only, completely neglecting the 
solicitations produced by a seismic event. Moreover, the ground level of these buildings, 
intended for commercial use, is characterized by a greater height and big size openings that 
generate a soft story condition. Results of previous studies (Barbat et al., 2008; Moreno et al., 
2003) have pointed out that although the seismic hazard for Barcelona is low to moderate, the 
significant vulnerability of the buildings in the Eixample district is such that considerable 
seismic risk is expected. 
Post-earthquake damage surveys performed on historic unreinforced masonry structures after 
seismic events that took place during the last couple of decades, have evidenced recurrent 
damaged and collapse mechanisms that usually involve only localized portions of the building 
and not the entire structure. These localized portions are characterized by a mostly 
autonomous structural behaviour in comparison with that of the rest of the building 
(Lagomarsino, 2006). The observed damage thus, clearly indicates that in order to properly 
assess the seismic vulnerability of an existing unreinforced masonry building, the execution 
of a seismic analysis involving local collapse mechanisms is essential. 
No evidence was found in the literature indicating that an analysis of this type has been 
carried out for the unreinforced masonry buildings of the Eixample district. During the 
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present study, the capacity spectrum method for local collapse mechanisms proposed in the 
Italian normative is used for the vulnerability assessment of a characteristic existing building 
that represents well the typology found in the district. The selected building corresponds to 
the “band” building plan configuration, located at the sides of the square blocks that conform 
the district. The safety of a number of probable out-of-plane and in-plane local collapse 
mechanisms is verified using this methodology that recommends the use of the equilibrium 
limit analysis, in particular the kinematic approach (Heyman, 1966), to determine the capacity 
curves. The seismic hazard is characterized by the demand spectra formulated by the 
Eurocode 8, the Spanish normative NCSE-02, as well as demand spectra developed for the 
city of Barcelona by Irizarry (2004) using probabilistic and deterministic methodologies. A 
parametric analysis intended to study the influence of the actual support length of the floor 
framing beams on the safety verification of the out-of-plane mechanisms is carried out. As 
part of the study, a possible strengthening intervention is proposed. Based on the results of the 
analysis, critical local collapse mechanisms are identified and recommendations intended to 
minimize the number of cases to analyze in future studies are given. 
 
1.2 General Objectives 
• To assess the seismic vulnerability of the typical unreinforced masonry buildings of 
the district of Eixample in the city of Barcelona. 
• To apply the capacity spectrum method for local collapse mechanisms proposed by the 
Italian normative on the most probable out-of-plane and in-plane mechanisms of a 
characteristic building that represent well the typology found in the district of 
Eixample. The selected building corresponds to the “band” building plan 
configuration, located at the sides of the square blocks that conform the district. 
• To identify the most critical local collapse mechanisms for the seismic vulnerability of 
the buildings of the Eixample district.   
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1.3 Specific Objectives 
• To identify the main architectural and structural features that characterize the 
buildings that conform the district of Eixample, focusing on the structural weaknesses 
that increase their vulnerability. 
• To carry on a bibliographical review of studies of vulnerability and seismic risk in the 
city of Barcelona, in particular for the buildings of the Eixample district. The review 
should also focus on the application of the capacity spectrum method for local collapse 
mechanisms on historical unreinforced masonry structures. 
• To characterize the seismic hazard of the Eixample district by means of code-like 
response spectrum formulations as well as scenarios developed specifically for the city 
of Barcelona using deterministic and probabilistic methodologies. 
•  To recognize the principles of the capacity spectrum method for local collapse 
mechanisms proposed in the Italian normative, including the development of capacity 
curves using the equilibrium limit analysis, in particular, the kinematic approach. 
• To perform a seismic analysis of all the possible out-of-plane and in-plane local 
collapse mechanisms for the main façade of the selected typical building. 
• Based on the results of the analysis carried out for the main façade, identify the critical 
local collapse mechanisms to perform a seismic analysis of the interior walls of the 
selected building. 
• To carry out a seismic analysis of the possible local collapse mechanisms for the 
staircase core considered as a whole. 
• To perform a parametric analysis intended to study the effect of the support length of 
the floor framing beams and its corresponding frictional restrain against wall 
overturning, on the safety verification of out-of-plane mechanisms. 
• To propose a feasible strengthening intervention to ensure the safety of the local 
collapse mechanisms which are not verified. 
• To obtain conclusions about the seismic behaviour of the typical unreinforced 
masonry buildings of the Eixample district, identifying the critical local collapse 
mechanisms. Based on this information, give recommendations intended to minimize 
the number of cases to analyze in future studies of buildings in the district. 
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2. CAPACITY SPECTRUM METHOD FOR LOCAL COLLAPSE 
MECHANISMS 
The aim of this chapter is to illustrate the methodology adopted in the present study for the 
seismic analysis of the local collapse mechanisms. Initially, the arguments that justify the 
need to perform a seismic analysis for local collapse mechanisms (in addition to the analysis 
of the global behaviour of the structure) of existing unreinforced masonry structures are 
presented. Moreover, a detailed description of the procedures employed for the determination 
of the different parameters needed for the application of the capacity spectrum method for 
local collapse mechanisms is given. Such parameters include the demand spectra, the capacity 
curve and the bases for the safety verification. Additionally, selected studies carried out by 
researches that have work extensively on this area are reviewed.   
 
2.1 General Aspects 
Post-earthquake damage surveys performed on unreinforced masonry structures after seismic 
events that took place during the last couple of decades, have evidenced recurrent damaged 
and collapse mechanisms that usually involve only localized portions of the building and not 
the entire structure. These localized portions are characterized by a mostly autonomous 
structural behaviour in comparison with that of the rest of the building (Lagomarsino, 2006). 
The observed damage thus, clearly indicates that in order to properly assess the seismic 
vulnerability of an existing unreinforced masonry building, the execution of a seismic 
analysis involving local collapse mechanisms is essential. 
The concept of local collapse mechanisms was first introduced in the Italian norm by means 
of the  “Ordinanza Presidenza del Consiglio dei Ministri, No. 3431 del 03/05/2005” (which 
will be referred to in the present report as OPCM 3431/2005). This ordinance makes it 
mandatory to perform a seismic analysis of local collapse mechanisms, in addition to the 
global analysis of the structure, when existing unreinforced masonry structures are studied. As 
a practical tool, the kinematic theorem of the limit analysis is recommended in the Ordinance, 
but it is not mandatory (other methodologies can be used). 
 The OPCM 3431/2005 was substituted by the “Decreto Ministeriale del 14/01/2008. Norme 
Tecniche per le Costruzioni” approved in 2008. In this document, the obligation to perform 
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the local collapse mechanism analysis remains valid. Additionally, in 2009, the “Circolare 
No. 617 del 2/2/2009” (which will be referred to in the present report as Circolare No. 617) 
was published. This document only gives explanations and directions for the correct use of 
the “Decreto Ministeriale del 14/01/2008. Norme Tecniche per le Costruzioni” approved in 
2008, and it is not mandatory. 
The Circolare No. 617 depicts a procedure that slightly modifies the capacity spectrum 
method with the purpose of applying this technique to the case of local collapse mechanisms. 
The procedure makes use of the limit analysis theory, in particular the kinematic approach, in 
order to obtain the capacity curve of a determined portion of the structure to which a local 
collapse mechanism is assigned. The procedure recommended by the Circolare No. 617 has 
been adopted in the present study to evaluate the vulnerability of the unreinforced masonry 
buildings existing in the Eixample district of Barcelona. 
 
2.2 Demand Spectra 
The application of the capacity spectrum method for local collapse mechanisms requires the 
characterization of the seismic hazard. For methods based on forces acting on the structure, 
the seismic demand is characterized in terms of the acceleration response spectrum, but for 
other methods based on the displacement and the performance of the structure (as in the case 
of the capacity spectrum method for local collapse mechanisms) the seismic demand is 
characterized by means of the demand spectrum in terms of displacement.  
In the following sub-sections, the analytical formulations to obtain the smoothed acceleration 
response spectrum considered by the Spanish normative NCSE-02 and the Eurocode 8 are 
presented. Later, the procedure to transform the seismic demand from the acceleration 
response spectrum format into the demand spectrum in terms of displacement is described.   
 
2.2.1 NCSE-02 Elastic Acceleration Response Spectrum 
The Spanish norm of seismic resistant construction (NCSE-02), defines a normalized elastic 
response spectrum that must be multiplied by a parameter called the design seismic 
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acceleration, ac, in order to obtain the response spectrum of a particular location. This 
parameter is defined as: 
                                                                          ·  ·                                                                	2.1  
where: 
• ab is the basic seismic acceleration, a characteristic value of the horizontal acceleration at 
the surface level in a particular area. 
• ρ is a risk coefficient. Takes a value of 1.0 for normal importance constructions, and 1.3 
for special importance constructions. 
• S is the soil amplification coefficient, and it is defined as: 
For  ·    0.1 
                                                                           1.25                                                                      	2.2  
  For 0.1   ·    0.4 
                                                1.25  3.33  ·   0.1 1  1.25                                  	2.3 
     For 0.4   ·                                                                                  1.0                                                                    	2.4 
• C is the soil coefficient. The NCSE-02 defines four soil types based on the geotechnical 
characteristics including the shear wave velocity. Table 2-1 shows the value of the soil 
coefficient for each one of the soil types. 
 
Table 2-1 Soil Coefficients for NCSE-02. 
 
 
      
   
 
Soil Type Shear Wave Velocity (m/s) Coefficient C 
I   750 1.0 
II 750    400 1.3 
III 400    200 1.6 
IV   200 2.0 
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The normalized elastic response spectrum for horizontal accelerations of the equivalent single 
degree of freedom system whit a critical damping of 5% is defined by the NCSE-02 as 
follows: 
For      
                                                                   !	  1  1.5 ·                                                        	2.5 
For     "                                                                           !	  2.5                                                               	2.6 
For   " 
                                                                    !	  $ ·                                                                   	2.7 
where: 
• α(T) is the value of the normalized elastic response spectrum 
• T is the period of the system in seconds 
• K is the contribution coefficient, which takes into account the influence of the different 
types of earthquakes expected in the seismic hazard of the area. 
• C is the soil coefficient (described above). 
• TA, TB are characteristic periods of the response spectrum, defined as: 
                                                                       $ · 10                                                                   	2.8 
                                                                     "  $ · 2.5                                                                  	2.9 
The normalized elastic response spectrum is shown schematically in Figure 2-1. As 
mentioned before, the normalized elastic response spectrum must be multiplied by the design 
seismic acceleration, ac, in order to obtain the elastic response spectrum for the particular site 
studied. 
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Figure 2-1 Normilized Elastic Response Spectrum NCSE-02 
 
2.2.2 EUROCODE 8 Elastic Acceleration Response Spectrum 
The elastic response spectrum formulation for horizontal accelerations of the equivalent single 
degree of freedom system whit a critical damping of 5% is defined by the EUROCODE 8 as 
follows: 
 
For 0    " 
                                                    '	  ( ·  · )1  " · 	* · +,  1-                                  	2.10 
For "    .                                                                    '	  ( ·  · * · +,                                                    	2.11 
For .    / 
                                                            '	  ( ·  · * · +, · ). -01                                          	2.12 
For /   
                                                       '	  ( ·  · * · +, · )./-01 )/ -02                                   	2.13 
 
0,0
1,0
2,0
3,0
α (T)
Period, T 
TA TB
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where: 
• Se(T) is the value of the elastic response spectrum. 
• T is the period of the linear single degree of freedom system. 
• ag is a characteristic value of the horizontal acceleration at the surface level. 
• βο is the amplification factor of the spectral acceleration for a critical damping of 5%. 
• TB, TC are the limits of the constant spectral acceleration portion of the spectrum. 
• TD is the value that defines the start of the constant displacement portion of the spectrum. 
• k1, k2 are exponents that define the shape of the spectrum for a vibration period greater 
than TC and TD, respectively. 
• S is the soil parameter. 
• µ is the correction factor for damping, with reference value µ = 1 for a critical damping of 
5%. 
The EUROCODE 8 defines three soil types based on the geotechnical characteristics 
including the shear wave velocity. Table 2-2 shows the value of the different parameters used 
in the response spectrum formulation for each one of the soil types. 
 
Table 2-2 Formulation Parameters EUROCODE 8. 
Soil Type 34 (m/s) S β0 k1 k2 TB TC TD 
A > 800 1.0 2.5 1.0 2.0 0.10 0.40 3.0 
B 200 - 450 1.0 2.5 1.0 2.0 0.15 0.60 3.0 
C < 200 0.9 2.5 1.0 2.0 0.20 0.80 3.0 
 
Once the spectral acceleration response spectrum has been determined, it can be transformed 
from the spectral acceleration vs. period format (Sa, T) into the spectral acceleration vs 
spectral displacement format (Sa, Sd). The later is known as the Acceleration-Displacement 
Response Spectrum (ADRS) or simply as the demand spectrum. The transformation can be 
done by defining the spectral displacement as follows: 
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                                                             5  6 · 7 84 · 98:                                                               	2.14 
 
Figure 2-2 shows a graphical representation of a smoothed demand spectrum. Note that the 
structural period T, is represented in the demand spectrum as a line starting at the origin. The 
slope of the line is higher as the value of the structural period is lower. 
 
 
Figure 2-2 Smoothed Form of Demand Spectrum. (Irizarry, 2004). 
 
2.3 Capacity Curve 
The methodology presented in the Circolare No. 617 of the Italian norm proposes the use of 
the limit analysis technique, in particular the kinematic approach, in order to obtain the 
capacity curve of a determined portion of the structure to which a local collapse mechanism is 
assigned. Such local collapse mechanism of the structure can also be referred to as a 
macroelement. 
The application of the theories of limit analysis to unreinforced masonry structures was 
proposed by Jacques Heyman in 1966 (see Heyman, 1995). The application of such theory 
relies on the acceptability of the following set of assumptions: 
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• Masonry has no tensile strength. This assumption it is slightly conservative, but 
considering the low tensile strength of the mortar itself and the weak bonding strength of 
the mortar-unit interface when subjected to tension, the assumption seems quite 
reasonable. 
• Masonry has an infinite compressive strength. This assumption is approximately correct 
considering that masonry elements in a historical construction are normally stressed to 
about 1/10 of its capacity (Heyman, 1996). However, this condition must be strictly 
corroborated, especially in cases where stress concentrations are likely to occur. 
• Sliding failure does not occur. Although in some cases slippage between units can occur, 
this condition is very rare. Only a very small compressive prestress is needed to prevent 
slippage and general loss of cohesion. 
 
2.3.1 General Description 
Initially, the capacity curve is expressed in terms of a factor α that relates the applied 
horizontal forces and the corresponding weight of the mass present in the macroelement being 
analyzed. This factor can also be thought as a horizontal acceleration expressed as a fraction 
of the gravity acceleration (g units). The factor α, is represented in such curve as a function of 
the displacement dk of a predefined control point in the macroelement (normally the center of 
mass of the macroelement). Figure 2-3 schematically shows the previously described curve.  
 
 
Figure 2-3 Example of Capacity Curve. (SAHC, 2010-2011). 
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The parameter α0 in Figure 2-3 represents the factor α that activates the mechanism under 
consideration, in other words, it is the horizontal acceleration required to initiate the 
displacement of the macroelement. Note that the curve must describe the variation of the 
factor α, as the displacement dk of the control point increases from zero to a value dk,0, that 
represents a displacement at which the macroelement has no longer the capacity to withstand 
horizontal seismic force (factor α is equal to zero). 
Once this curve is determined, it can be transformed into the capacity curve of an equivalent 
single degree of freedom system in terms of spectral acceleration a*, and spectral 
displacement d*. As will be explained later in detail, using this transformed capacity curve it 
is possible to determine the ultimate displacement capacity, du
*, that will be confronted to the 
displacement demand during the verification procedure described in section 2.4. A detailed 
explanation of each one of the steps performed to obtain the capacity curve is presented in 
sections 2.3.2 to 2.3.4 of this report. 
 
2.3.2 Determination of α0 
In order to determine the factor α0, that activates the mechanism, the following forces acting 
on the macroelement must be considered: 
• The self-weight of the wall portions that are part of the macroelement. These forces are 
applied at the center of mass of each wall portion. 
• The vertical loads acting on the macroelement (support reaction corresponding to the self-
weight of the floor framing and roof systems, their superimposed dead load from 
partitions walls and floor finishing, and their live loads). 
• A system of horizontal loads proportional to the acting vertical loads. 
• External forces (i.e. thrust of roof, arches or vaults, chains, tie rods, etc), and internal 
forces (i.e. anchoring between masonry blocks). 
With the purpose of using the Principle of Virtual Work, a virtual rotation θk, that describes 
the analyzed mechanism is assigned to the macroelement. Using this rotation and the 
geometry of the macroelement, it is possible to determine the virtual displacement, δk, of the 
different loads acting on the system. 
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The factor α0, is determined then by equating the total work (corresponding to the virtual 
displacements) done by the external and the internal forces, as follows: 
               !, ;< =>?>@A · BC,>  < =E · BC,E
?FG
E@?FA H  < => · BI,>  < JK · BK   LM>
N
K@A                   	2.15
?
>@A  
where: 
• Pi is the generic self-weight of the wall portions that are part of the macroelement. 
• Pj is the generic of the vertical loads acting on the macroelement (support reactions from 
floor framing and roof framing). 
• Fh is the generic of the external forces.  
• n is the total number of self-weight forces of wall portions that are part of the 
macroelement Pi. 
• m is the total number of vertical loads acting on the macroelement Pj (support reactions 
from floor framing and roof framing loads) 
• o is the total number of external forces Fh. 
• δx,i is the virtual horizontal displacement of the application point of the i-th self-weight 
load  Pi. The positive sign is assumed in the direction in which the seismic action activates 
the mechanism.  
• δx,j is the virtual horizontal displacement of the application point of the j-th vertical load 
acting on the macroelement Pj. The positive sign is assumed in the direction in which the 
mechanism is developed. 
• δy,i is the virtual vertical displacement of the application point of the i-th sellf-weight load  
Pi. The positive sign is assumed in the upward direction. 
• δh is the virtual displacement of the point of the h-th external force Fh is applied, in this 
direction. 
• Lfi is the work done by the internal forces. 
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2.3.3 Determination of dk,0 
As previously explained, the analysis must be conducted until the displacement of the control 
point reaches the value of dk,0 corresponding to the configuration at which the macroelement 
has no longer the capacity to withstand horizontal seismic force. In order to obtain the entire 
capacity curve describing the evolution of the mechanism, the factor α should be evaluated 
using Equation 2.15 not only at the initial configuration, but also at different levels of rotation 
θk. 
In the particular case in which all the different loads acting in the macroelement remain 
constant during the evolution of the mechanism, the capacity curve obtained will be linear as 
shown in Figure 2-3, and the curve will follow the expression below: 
                                                                 !  !, 71  O0O0,,:                                                          	2.16 
For this case, the analysis is simplified, and in addition to the factor α0 that activates the 
mechanism, only the displacement dk,0 is required in order to obtain the full capacity curve. 
The value of the displacement dk,0 can be determined by writing Equation 2.15 as a function 
of the rotation θk, imposing a value of α0 = 0, and solving for the rotation. Having found such 
rotation, the corresponding displacement dk,0  of the control point can be easily determined. 
On the other hand, for the case in which the variation of existing external forces is taken into 
account during the evolution of the kinematic mechanism (as in the case of chains), the 
capacity curve can be assumed as linear per portions, as shown in Figure 2-4. 
 
2.3.4 Capacity Curve of the Equivalent Single Degree of Freedom System 
Once the capacity curve in terms of the factor α and the displacement of the control point ,dk, 
is obtained, it must be transformed into the capacity curve of the equivalent single degree of 
freedom system in terms of spectral acceleration a*, and spectral displacement d*. 
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The participant mass of the mechanism ,M*, can be evaluated considering the virtual 
displacement of the application point of the different loads present in the mechanism, as a 
vibration mode shape. The following expression can be used: 
                                                              PQ  R∑ => · BC,>?FG>@A T8 · ∑ => · BC,>8?FG>@A                                                      	2.17 
where: 
• n + m is the sum of the number of self-weight loads of the macroelement and the vertical 
loads acting on the macroelement. 
• δx,i is the horizontal virtual displacement of the application point of the i-th load Pi. 
 
 
Figure 2-4 Capacity Curve for Local Mechanism Including External Forces. (SAHC, 2010-2011). 
 
The spectral acceleration a* is obtained by multiplying the factor α, by the gravity 
acceleration and dividing it by the fraction of the mass that participates in the kinematic 
mechanism. According to this, the spectral acceleration that activates the mechanism is then 
obtained using Equation (2.18): 
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                                                      ,Q  !, ·  ∑ =>?FG>@APQ · J  !, · UQ · J                                                   	2.18 
where: 
• g is the gravity acceleration. 
• e
* is the fraction of the mass that participates in the kinematic mechanism, and can be 
calculated as: 
                                                           UQ    · PQ∑ =>?FG>@A                                                                   	2.19 
• FC is a confidence factor, which value varies between 1.0 and 1.35 depending on the 
degree of knowledge of the structure in terms of its geometry, material properties, 
constructive elements, terrain and foundations. 
As far as the spectral displacement of the equivalent single degree of freedom system ,d*, is 
concern, it can be obtained as the average displacement of the application points of the 
different vertical loads acting in the macroelement. Once the displacement of the control point 
dk is know, the Circolare No. 617 of the Italian norm provides an equation to define it in an 
approximate way, by using the virtual displacements evaluated at the initial configuration: 
                                                   OQ  O0 · ∑ => · BC,>8?FG>@ABC,0 · ∑ => · BC,>?FG>@A                                                      	2.20 
where, 
• n, m, Pi and δx,i are defined as in Equation 2.17. 
• δx,k is the horizontal virtual displacement of the point k, assumed as the reference point for 
the determination of the displacement dk. 
As in the case of the capacity curve as a function of the factor α, and the displacement dk; the 
capacity curve of the equivalent single degree of freedom system in terms of the spectral 
acceleration a*, and spectral displacement d*, is linear if the forces acting on the macroelemet 
remain constant as the mechanism evolves. The curve follows the expression below: 
                                                              Q  ,Q 71  OQO,Q:                                                               	2.21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2.4 Safety Verification 
The safety verification proposed by the Circolare No. 617 of the Italian norm recommends the 
use of a simplified kinematic linear analysis verification. If this preliminary analysis is 
verified, the mechanism can be considered safe; otherwise a more elaborated kinematic non-
linear analysis must be performed in order to verify the safety of the mechanism studied. 
Although the Circolare No. 617 of the Italian norm points out two different limit states 
(Damage Limit State and Life Safety Limit State) for which the verification can be performed, 
it is only mandatory to satisfy the requirements of the Life Safety Limit State (also called 
Ultimate Limit State, ULS). For this reason, only the procedure related to the ULS 
verification will be presented in this report. 
  
2.4.1 Kinematic Linear Analysis Verification 
For isolated elements or macroelements supported on the ground level, the safety verification 
for the Ultimate Limit State is fulfilled if the spectral acceleration a0
* that activates the 
mechanism satisfies the following expression: 
                                                                        ,Q  ( · V                                                                  	2.22 
where, 
• ag is the peak ground acceleration of the response spectrum (without soil effects). 
• S is the soil factor that takes into account the soil type where the structure is located. 
• q is the structure factor. 
On the other hand, if the local mechanism studied starts at a level above the ground, the 
acceleration amplification with respect to the one at ground level must be taken into account. 
For this case, the Circolare No. 617 of the Italian norme requires that in addition to the 
condition of the inequality (2.22), the following expression be satisfied: 
                                                                 ,Q  '	A · W	X · YV                                                     	2.23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where, 
• T1 is the fundamental period of vibration of the entire structure in the direction considered. 
An approximate expression to calculate this period is given as  A  0.05 · 	Z[ \]  , where 
H is total height of the entire structure with respect to the foundation. 
• Se(T1) is the spectral acceleration obtained from the evaluation of the elastic spectrum for 
the period T1. 
• Z is the elevation, with respect to the foundation, at which the studied local mechanism 
starts. 
• ϕ(Z) is the normalized first mode shape of vibration in the direction considered. In 
absence of a more detailed analysis, the mode shape can be assumed as ϕ(Ζ) = Z/H, where 
H is the total height of the entire structure with respect to the foundation. 
• γ is the corresponding coefficient of modal participation. In the absence of a more 
accurate evaluation, the coefficient can be assumed as γ =3Ν/(2Ν+1), where N is number 
of stories of the building. 
 
2.4.2 Kinematic Nonlinear Analysis Verification 
The safety verification when the nonlinear analysis is performed, is based on the 
confrontation of the spectral displacement capacity of the mechanism du
* and the spectral 
displacement demand imposed by the earthquake ∆d. 
The spectral displacement capacity of the mechanism du*, is defined in the Circolare No. 617 
of the Italian norm as the minimum of: a) 40% of the spectral displacement d0
* (displacement 
for which the spectral acceleration a* is equal to zero); and b) the displacement corresponding 
to a situation locally incompatible with the stability of other elements of the structure (for 
example, the loss of floor framing beam support). 
The spectral displacement capacity set as 40% of the spectral displacement d0
*, agrees with 
the value proposed by Doherty et al. (2002), based on experimental testing performed in 
unreinforced masonry walls subjected to out-of-plane bending. This displacement corresponds 
to a “moderately degraded” condition of the mortar joints. From the later, it is possible to 
deduce that the limit established by the norm is intended to maintain the damage at a 
moderate level or lower.     
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On the other hand, the displacement demand ∆d, is obtained using the elastic demand spectra 
evaluated for a period Ts, that is representative of an equivalent secant stiffness at ultimate 
conditions (∆d = SDe(Ts)).  
The secant period Ts can be calculated as: 
                                                                   2 · 9^OQQ                                                                    	2.24 
where, 
• ds
* is a spectral displacement defined as ds
* = 0.16 d0
* (where d0
* is the displacement for 
which the spectral acceleration a* is equal to zero). 
• as
* is the spectral acceleration corresponding to the spectral displacement ds
* (evaluated 
using Equation (2.21). 
 
A graphical representation of the determination of the spectral displacement capacity du
* and 
the spectral displacement demand ∆d, is presented in Figure 2-5. 
For the case of an isolated element or local mechanisms starting at the ground level, the safety 
verification for the Ultimate Limit State is satisfied if the spectral displacement capacity is 
larger or equal than the spectral displacement demand as shown in the expression below, 
 
                                                                             O_Q  /'	                                                         	2.25 
 
where SDe is the elastic response spectra in terms of displacement. 
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Figure 2-5 Representation of the Kinematic Nonlinear Analysis Verification. (SAHC, 2010-2011). 
 
On the contrary, if the local mechanism starts at a level above the ground, the elastic demand 
spectrum in terms of displacement at the level at which the mechanism starts must be 
checked. An acceptable approximation consists in the verification of the following 
expression: 
                         O_Q  /'	A · W	X · Y · `
 A] a8
b`1   A] a8  0.02 ·  A]
                              	2.26 
 As a result, when the kinematic nonlinear analysis is used, the local collapse mechanism is 
verified if the expressions 2.25 and 2.26 are satisfied.    
 
2.5 Previous Studies 
In this section a brief description of some selected studies carried out by researchers that have 
worked extensively on the application of the capacity spectrum method for local collapse 
mechanism on historical construccions is presented. 
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2.5.1 Lagomarsino (2006) 
This study, developed within the frame of the Risk-UE project, An advanced approach to 
earthquake risk scenarios with applications to different european towns (Mouroux et al., 
2004), proposed a methodology for the seismic vulnerability assessment of monumental 
buildings, considering two different vulnerability models depending on the way the seismic 
hazard had been defined: a Macroseismic Approach, that uses macroseismic intensity maps to 
define the seismic hazard, and a mechanical approach, for cases in which the seismic hazard is 
defined in terms of peak ground accelerations and spectral values. Both vulnerability models 
can be evaluated at three levels (Level 0, 1 or 2) depending on the level of knowledge of the 
building studied, being the Level 2 the one used in the cases were more data are available, and 
for this reason, the more accurate approach. 
Of particular interest for the purposes of the present study is the Mechanical Approach, 
specifically at Level 2. For this level, a methodology similar to the one provided in the 
Circolare No. 617 of the Italian norm (presented in sections 2.1 to 2.4 of this report) has been 
used. 
The results of an application of the Mechanical Approach, Level 2, to the church of Santa 
Maria del Mar in Barcelona, Spain, are reported in this study. This application was carried out 
by Irizarry (2004). The seismic transversal response of the church was analyzed by extracting 
a macroelement corresponding to a central bay. In addition to the Mechanical Approach, 
Level 2, a finite element analysis was also performed and the results of the two methodologies 
were compared.        
A pushover analysis was performed using the finite element model in order to obtain a 
capacity curve. Additionally, the results of the finite element analysis were used to obtain the 
damage pattern, determine the most likely position of the plastic hinges and define a possible 
kinematic collapse mechanism. Figure 2-6 shows the inelastic deformations obtained from the 
finite element analysis and the corresponding proposed collapse mechanism.    
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Figure 2-6 Inelastic Deformations from FEM Analysis and Proposed Collapse Mechanism.  
                                 (Lagomarsino, 2006). 
 
A comparison of the capacity curves obtained by the FEM analysis and the Mechanical 
Approach, Level 2 can be observed in Figure 2-7. The transition from the elastic range to the 
nonlinear phase occur in a different fashion for the two models, that is, it is continuous for the 
FEM analysis whereas a sudden change is observed at this point for the Mechanical Approach 
capacity curve. Despite this fact, a good correlation between the actual displacements 
obtained from each methodology at this transition point is observed. This is an interesting 
result that validates the methodology for the determination of the capacity curve proposed in 
the Mechanical Approach and consequently, the one provided in the Circolare No. 617 of the 
Italian norm. 
The capacity spectrum method was used to assess the level of damage that the church would 
attain when being subjected to different hazard scenarios, namely, demand spectra obtained 
using deterministic and probabilistic methodologies, and from the provisions of the NCSE-02 
soil type III. For the three scenarios, the level of damage obtained was slight to moderate. 
However, the author points out that for the probabilistic analysis scenario, the performance 
point obtained was very close to the moderate damage limit, suggesting that moderate damage 
could be easily expected in the church.    
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Figure 2-7 Comparison of Capacity Curves Obtained from FEM and Mechanical Approach, Level 2.  
                         (Irizarry, 2004). 
   
2.5.2 Giovinazzi et al. (2006) 
The aim of this study was to perform a verification of the kinematic approach methodology 
based on the equilibrium limit analysis proposed in the OPCM 3431/2005 (this methodology 
is similar to the one presented in sections 2.1 to 2.4 of this report). The verification was 
carried out by performing non-linear dynamic analyses and comparing the results to those 
obtained by means of the OPCM 3431/2005 methodology. Detailed information about the 
methodology used in this study can be found in the document itself and in Resemini et al. 
(2006). Since this methodology is somewhat complicated and can be considered out of the 
scope of this project, the present review is limited only to the discussion of the results of the 
study.   
For the verification, the out-of-plane overturning mechanism of the façade for eight churches 
located in the Umbria and Toscana regions in Italy were analyzed. Figure 2-8 shows 
schematically the mechanisms studied and the capacity curves determined by means of the 
kinematic approach methodology for one of the churches. The authors concluded that the 
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results obtained from the non-linear time-history analysis matched quite well those obtained 
using the kinematic approach for all the cases.   
 
  
 
Figure 2-8 a) Mechanism 1, b) mechanism 2, c) Capacity Curves Determined Using Kinematic Approach. 
                      (Giovinazzi et al., 2006). 
 
An additional study was performed in order to validate the kinematic approach. It consisted in 
the estimation of the level of damage for the above mentioned churches by using the 
kinematic approach, and the subsequent comparison of these results to the available records of 
the surveyed damage pattern on these churches after the earthquakes that hit these regions in 
the 90’s. The damage level scale defined by Lagomarsino et al. (2004) was used in the study. 
Table 2-3 present the results of the comparison for the eight different churches studied. The 
authors concluded that a good estimation was obtained for most of the churches. In particular, 
they justified the big difference of the results for church No. 2 by arguing that for this specific 
church there was hammering on the façade due to the presence of reinforced concrete roof 
covering. The kinematic approach cannot account for hammering effects when the capacity 
curve is determined and consequently the estimated damage level is lower than the one 
observed during the survey. 
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Table 2-3 Comparison of Damage Level Estimated and from Survey. (Giovinazzi et al., 2006).  
 
 
These results are very significant for the purposes of the present study since they validate the 
principles of the methodology used for the analysis carried out in this work.     
 
2.5.3 D’Ayala and Speranza (2002) 
This study presents a procedure named FaMIVE (Failure Mechanisms Identification and 
Vulnerability Evaluation), created to evaluate the seismic vulnerability of masonry historic 
buildings located in seismic hazard zones. In the present review, a brief description of the 
methodology is provided, giving especial attention to the description of failure mechanisms 
considered for the procedure..  
The procedure starts with a field survey that is divided in two phases. During the first phase, 
the recurrent typological layouts, masonry fabrics and quality of materials within an urban 
center are recognized. In the second phase of the survey, specific information related to each 
individual building such as its height, length, thickness of the façade, strengthening devices, 
etc. is collected. 
Based on the information collected during the survey, the procedure continues with the 
identification of a feasible group of mechanisms for each macroelement studied, and the 
ultimate load factor for each mechanism is calculated using a limit state, lower bound 
analysis. The lower load factor is selected and further manipulated in order to obtain a 
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measure of its level of vulnerability. This procedure is programmed; only the information 
collected during the field survey needs to be manually input in the system. 
The mechanisms considered during the FaMIVE procedure are presented schematically in 
Figure 2-9. The selection has been done by the authors based on the observed common 
occurrence of these mechanisms during post-earthquake damage inspections. The possibility 
that these mechanisms are initiated at an elevated level is also considered in the procedure. 
 The type A mechanism usually occurs when the connection of the façade to the orthogonal 
walls does not exist, or it is rather poor, due to the geometrical dimensions of the connecting 
elements. On the contrary, if the level of connectivity between the façade and the orthogonal 
walls is good enough, the orthogonal walls then are involved in the mechanism and a type B1 
or B2 mechanism occurs. Mechanisms of the type C occur in situations where the two walls 
involved in the mechanism present an appropriate connection, but the quality of the in plane 
fabric is poor. When there is relative uneven connection with the orthogonal walls, and the 
façade fabric has a poor quality, the type D mechanism is more likely to occur than the type 
B1 mechanism. Type E mechanisms are common in buildings with a regular vertical 
distribution of façade openings and with poor connection of the horizontal spandrels across 
the openings. 
  
 
Figure 2-9 Collapse Mechanisms Considered in the FaMIVE Procedure. (D’Ayala and Speranza, 2002). 
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For cases in which horizontal restraint offered by ring beams, ties or even by the friction 
between the floor framing beams and the walls is present, other type of mechanisms are likely 
to occur. Type F mechanism, for example, occurs when ring beams or ties are present at the 
roof level of the building. The geometrical distribution of the ties over the façade and whether 
they connect to the floor structure or to the orthogonal walls, determines the orientation of the 
arch effect generated; that is, it defines whether a type G or a type F mechanism occurs. 
Moreover, depending on the floor levels where the ties or ring beams are present, mechanisms 
of type F can occur in conjunction to type A to E mechanisms for the levels above the 
strengthening. Finally, in plane mechanisms of type H can also occur. The model 
implemented for the in-plane shear assumes frictional behavior among courses of blocks, and 
it is characterized by parameters like the average height of the courses, the staggering of 
blocks of superposed courses, the specific weight of the blocks and the friction coefficient of 
the contact surfaces. The relative values of these parameters define the angle at which the 
crack develops and whether the mechanism is characterized by sliding or overturning motion. 
It is worth to mention that the authors have updated and improved the described FaMIVE 
procedure over the years. Additional information is found in numerous articles including 
D’Ayala and Speranza (2003), D’Ayala (2005) and D’Ayala and Novelli (2010). 
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3. THE DISTRICT OF EIXAMPLE 
The district of Eixample receives its name from the Catalan word for enlargement. As shown 
in Figure 3-1, it is located approximately in the central part of Barcelona and covers an area of 
7.46 km2. Its extension is delimited by Montjuïc on the west, the district of Sant Martí on the 
east, the old part of the city on the south and the districts of Les Corts, Sarrià and Gràcia on 
the north. 
   
                  
Figure 3-1 Location of the District of Eixample. (http://w110.bcn.cat/portal/site/Eixample) 
 
The Eixample is the most populated district in Barcelona with more than 260.000 inhabitants 
and a population density of approximately 35.000 residents per km2 (the second highest in 
Spain). Another reason for the importance of the Eixample district relies on the fact that the 
main streets and squares of the city, including Placa Catalunya and the Rambla de Catalunya, 
are located inside its perimeter. Furthermore, it holds numerous touristic points of interest 
such as the Gaudi monuments of The Sagrada Familia, Casa Batlló and Casa Milà, among 
others. Figure 3-2, shows a plan of the district of Eixample.  
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Figure 3-2 District of Eixample. (http://w110.bcn.cat/portal/site/Eixample) 
 
In this chapter, the main aspects related to the socio-economical situation of Barcelona during 
the first half of the XIX century are assessed and their influence on the origins of the 
enlargement of the city is identified. Additionally, the main parameters that define the 
characteristic homogeneity of the district of Eixample are described. The contents of section 
3.1 are based on the information found in Busquets (1942) and Domingo (1978). Similarly, 
the contents of section 3.2 are mainly based on the work done by Paricio (2009). At the end of 
the chapter, selected previous works carried out on the seismic vulnerability of the buildings 
in Barcelona, in particular for the Eixample district, are reviewed. 
 
3.1 Historical Issues 
During the first decade of the XIX century, the city of Barcelona begins to be affected by the 
dramatic changes that the Industrial Revolution represented. The emigration from the rural to 
the urban areas triggered by such Revolution, summed to the XVIII century prohibition to 
build inside the city walls and the military jurisdiction (set by King Felipe V after the Siege of 
Barcelona the 11 of September of 1714), generated an adverse housing situation for the city. 
Up to the 1930’s, the population density of the city had been growing with the arrival of the 
new factories, their proprietors and the factory operators. Some of the old buildings, 
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especially those located in the arrabal area, had been subjected to the addition of stories in 
order to harbor the new inhabitants. Although these new spaces gave shelter to the first 
immigrant factory operators (they had the advantage of being more economical), they were 
characterized by very poor hygienic conditions. Another action taken by the city in 1837 by 
means of the Desamortización de Mendisabal law, was the sale of buildings belonging to 
religious communities and institutions to be used as residences. These measures taken by the 
city only alleviated the problem slightly and the situation continued being critical. 
Simultaneously, significant transformations outside the walled city were taking place. Due to 
the lack of free space inside the walls, a series of factories, along with the housing for their 
operators were installed in areas relatively close to the city. Is in this way that suburbs like 
Poblenou, Clot, Gràcia, Les Corts y Sants are created.  
In summary, by the end of the 1930’s Barcelona could be described as a very highly 
populated walled city, with increasingly public health problems, free space at its surroundings 
and relatively close growing suburbs. Under these circumstances, the idea of developing a 
project to enlarge the city was not only crucial, but also very reasonable. 
Thus, starting in 1938 the City Council of Barcelona submitted several petitions to the 
Government to obtain the authorization to proceed with the city enlargement. After several 
years of negotiations, a permission to topple the city walls was given the 15 of August of 
1854 and the Corps of Engineers started the task immediately. Meanwhile, the engineer don 
Ildefonso Cerdà carried out a survey of the area that the enlargement was supposed to cover. 
Finally, the 9 of December of 1858, the Government gave permission for an unlimited 
enlargement of the city with the condition that the forts of Montjuïc and the Ciutadella remain 
intact. 
The 15 of April of 1859, a commission created by the City Council of Barcelona opened a 
competition for the design of the enlargement and the project presented by the architect don 
Antoni Rovira i Trias, on August 15th of 1859, was selected as the winner among a total of 
thirteen proposals (Figure 3-3). However, the Government, acting independently of the City 
Council of Barcelona, had authorized the engineer don Ildefons Cerdà to work on the design 
of the enlargement for a term of twelve months. Furthermore, the 7 of June of 1859, before 
the winner of the competition opened by the City Council had been selected, the Government 
approved the project designed by Cerdà (Figure 3-4). 
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Figure 3-3 Project of don Antoni Rivera i Trials, 1859. (Busquets, 1942) 
 
 
Figure 3-4 Project of don Ildefons Cerdà, 1959. (Busquets and Gómez, 1983) 
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Despite the protests generated in the city of Barcelona aiming for the respect to the decision 
taken by the commission that favored the Rovira i Trias project, a Decree issued the 8 of July 
of 1860 gave the definitive approval to the project of enlargement proposed by don Ildefons 
Cerdà. 
 
3.2 Main Characteristics of the Eixample Buildings 
Probably the main feature of the district of the Eixample is related to its homogeneity. 
Although during the first years of construction this regularity was observed, it was only after 
approximately 30 years of this process that a more consolidated and repeatable model was 
finally established.   
The aim of the present section is to describe the main architectural and structural features that 
define the homogeneity of the district of the Eixample. These features consist of a number of 
geometrical and technological variables that can be thought as the result of the evolution of 
the architectural and constructive techniques used in the old part of the city of Barcelona as 
well as during the first years of the Eixample construction. The contents of this section are 
mainly based in the work done by Paricio (2009). 
 
3.2.1 The Grid 
Cerdà’s design intended to interconnect the old, walled city of Barcelona with surrounding 
towns as Sarrià and Gràcia, Sant Martí de Provençals, Sants and Les Corts de Sarrià, among 
others. The link is achieved by a street grid with an orientation parallel to the coast line 
(Figure 3-5). Such a grid has a spacing between street axes of 113.3 m, with a minimum street 
width of 20 m. According to Corominas (2010), Cerdà proposed a distribution of the streets in 
which the central 50% of the total street width is dedicated to the road for vehicular traffic and 
the remaining 50% to pedestrians at each side of the road.  
    
3.2.2 The Parceling 
The main characteristic of this process is the search for regularity, a concept that was not very 
well defined in the old part of the city. The width of each building ranges between 11 m. to 14 
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m. in order to fit two apartment units at each level of the building. Another feature is the 
importance given to achieve a right angle between the façade and the longitudinal walls that  
 
Figure 3-5 Eixample's Street Grid. (http://w110.bcn.cat/portal/site/Eixample) 
 
separate the buildings. This perpendicularity condition makes the interior layout of the 
apartments easier to design and also, allows for a more symmetrical distribution of the 
structural system. 
 
3.2.3 The Plan Layout 
The plan layout is a fundamental characteristic for the definition of the model. The fact that 
the Ordinance of 1856 decided to request the plan layout of the building in order to grant a 
permit of construction, confirms the importance that this geometrical feature had attained. 
Before this Ordinance, only drawings for the façade and a section of the building were 
required during the application process of a permit for construction. 
There are two well defined types of plans: the “band” building located at the sides of the 
square blocks that conform the Eixample district, and the “corner” building located, 
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obviously, at the chamfered corners of the square blocks. In addition to the plan geometry, the 
main difference between these two types of buildings is the number of light wells, and the 
location of the staircase with respect to the rest of the building. 
The presence of the light well is a typical characteristic of the Eixample buildings. Although 
some of the buildings in the old walled part of the city had this feature, it was only after 1950 
that they started trying to find solutions to provide a better ventilation and illumination to the 
buildings. The light well is then one of the examples of how some of the features observed in 
the Eixample buildings are the result of the evolution of different techniques that had been 
used during the development of the old part of the city. Figure 3-6 schematically shows the 
typical plan layout for the “band” building. 
 
 
Figure 3-6 Typical Plan Layout of "Band" Building. (Paricio, 2009) 
 
3.2.4 The Façade 
The façade of the Eixample buildings constitutes a fundamental element of the image of the 
city of Barcelona. In fact, the ordinance of 1956 directly regulates aspects of the façades such 
as their height, the balconies, tribunes and cornices. Later on, the ordinance of 1890, in 
addition to making special mention of all these aspects, introduces some criteria related to the 
finishing of the top of the façades. The implementation of all these regulations makes it 
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evident that the city government considered the façade a fundamental element of the buildings 
for the achievement of an authentic and characteristic image of the city (Figure 3-7). 
 
Figure 3-7 Buildings Façade at Diputació Street. (NIKER Project, 2011). 
 
3.2.5 The Building Section 
This aspect evolves during the years in which the buildings of the Eixample district are built. 
Initially, the buildings are built without a basement level, that is, the entire building is built 
above the ground level. In the buildings of the second generation, the presence of a basement 
becomes common.  It is very common also to have semi-basements in the buildings that allow 
for the basement ventilation and illumination through openings on the façade. 
 
3.2.6 The Structural System 
The structural resisting system of the Eixample buildings consists of masonry load bearing 
walls. Typically, the façade and the interior walls parallel to the façade are the bearing walls. 
In some cases, the longitudinal walls, that separate one building from the neighboring ones, 
also act partially as bearing walls (the portion of the wall that coincides with the length of the 
central core). The walls that compose the central core, where the stairs and the light well are 
located, also work as bearing walls. This central core contributes decisively to the global 
stability of the building due to its stiffness (that depends on the appropriate interlocking 
between its walls). Figure 3-6 illustrates the distribution of the bearing walls and the location 
of the central core. 
Seismic Behaviour of Typical Masonry Buildings from Barcelona’s “Eixample” 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 37 
Typically, the thickness of the facade walls is about 28 to 30 cm, whereas the interior bearing 
walls, including the central core, have a thickness between 14 and 15 cm. In some cases, the 
walls at the lower level have a thickness of about twice as much as the thickness of the upper 
levels. 
Ceramic brick and lime mortar are typically used to build the bearing walls. Also, local 
sandstone from Montjuïc and sometimes stone from the Murcia region is used as rubble 
masonry for the foundations and, for important buildings, as block masonry for the façade 
walls. Although non-hydraulic lime mortar is most commonly used, also hydraulic mortar and 
even Portland cement mortar (in the last years) are used in the construction. 
As far as the floor framing system, it consists of a series of vaults supported on a system of 
one-way beams spaced at distance that varies between 40 and 70 cm depending on the 
material used. The beams span typically 4 m, but they can actually reach span lengths up to 6 
m in some cases. The vaults are made with two rows of ceramic tiles and filled with rubble 
masonry. Starting in the 1930’s, there is evidence of the use of prefabricated vaults to improve 
the strength of the system and reduce the costs related to the required labor. 
Up to the last decade of the XIX century, the supporting system consisted of wooden logs or 
wooden beams. After this period, the use of I-shaped steel beams became more popular. The 
use of concrete beams started in the 1920’s, but it was only until the times of the post-war that 
this material became widely used due to the restriction to use steel for purposes other than the 
military. Prestressed concrete beams started to be used approximately after the 1950’s. Figure 
3-8 represents schematically the different types of floor framing systems. 
It is important also to mention the structural weaknesses present in the buildings of the 
Eixample district. A number of them are highlighted in the reference (NIKER Project, 2011), 
and are listed below: 
• Neighboring properties often share dividing walls. 
• Additions of new floors have taken place during many years. This was a solution to the 
growing population phenomenon experienced in the city. However, this situation causes 
overload on the bearing walls and the setback of the upper part of the buildings. 
• The staircase walls have been modified at the ground floor level. The perforated openings 
weaken the structure and affect the structural behavior. 
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• The significant amount of external ornamentation that in many cases has not been 
appropriately anchored to the structure may detach during a seismic event. 
• Inappropriate interlocked connection between the bearing walls and the secondary 
orthogonal walls is present in some cases. Furthermore, in those cases where a proper 
connection was achieved initially, differential settlements or other actions might have 
deteriorated this condition. 
• The ground level of the Eixample buildings was intended for commercial use. For this 
reason, in many cases the bearing walls are stopped at the principal level, where a grid of 
iron or steel beams transfer the loads to a set of cast iron pillars. The strength and stiffness 
of the bearing walls is interrupted and dramatically reduced. This situation creates a weak 
story condition that is very harmful to the structural resistance against seismic actions. 
  
 
Figure 3-8 Floor Framing Systems. (Paricio, 2009). 
Seismic Behaviour of Typical Masonry Buildings from Barcelona’s “Eixample” 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 39 
3.2.7 The Ordinance 
The homogeneity that characterizes the buildings of the Eixample district was achieved as a 
process that is finally consolidated with the Ordinance of 1890. This was a revolutionary 
approach since in the old city the concept of regularity did not exist at all. The Ordinance of 
1890 is the one that definitely delineates the volumetric characteristics of the buildings by 
regulating the different parameters mentioned in this section, especially the plan layout, the 
façade and the building section. 
 
3.3 Previous Works on the seismic Vulnerability of the Eixample District 
In this section a brief description of some selected studies carried out by other researches is 
presented. Projects dealing with the seismic vulnerability of the buildings in Barcelona, in 
particular for the Eixample district, are reviewed. 
 
3.3.1 Barbat et al. (2008) 
Based on information from the cadastre database provided by the Municipality of Barcelona 
(which covers more than 91% of the total number of buildings in the city), it was possible to 
recognize that 97% of the buildings in Barcelona consist of either unreinforced masonry 
buildings (79%) or reinforced concrete buildings (18%). The reinforced concrete buildings 
consist mostly of a system of columns and waffled-slab floors. 
A seismic risk evaluation was performed for these two building typologies starting with the 
use of the capacity spectrum method, followed by the development of fragility curves and 
damage probability matrices. Finally, seismic risk scenarios were simulated and presented in 
the form of maps at three different levels (districts, neighbourhoods and census zones). 
Although results for the two typologies mentioned above are reported in Barbat et al. (2008) 
study, the review performed in this report is limited to the discussion of the aspects related to 
unreinforced masonry buildings since it is the typology that is within the scope of the project. 
The seismic demand was determined considering deterministic and probabilistic scenarios and 
modelled by means of 5% damped elastic response spectra in ADRS format. Capacity curves 
were obtained using the software TreMuri by performing pushover analysis. Detailed 
Seismic Behaviour of  Typical Masonry Buildings from Barcelona’s “Eixample” 
 
 
Erasmus Mundus Programme 
40 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
structural plans of an unreinforced masonry building located in the Eixample district were 
used as a sample to develop three different models: a low-rise model with two stories, a mid-
rise model with four stories, and a high-rise model with six stories. Bilinear capacity spectra 
were developed for each one of these models. Figure 3-9 shows the obtained demand and 
capacity spectra for the unreinforced masonry cases. Note the high stiffness and strength of 
the low-rise building model as compared to the mid and high rise building models. 
 
      
Figure 3-9 Bilinear Capacity Spectra and Demand Spectra for Unreinforced Masonry Buildings. 
                            (Barbat et al., 2008) 
 
The development of fragility curves and damage probability matrices allowed the authors to 
conclude about the very high vulnerability of the buildings and, consequently, a significant 
probability of damage even in the case of a not too severe earthquake (as would be the 
expected earthquake for the city of Barcelona). 
Figure 3-10 and Figure 3-11 show the physical seismic risk scenario for the deterministic and 
probabilistic hazard cases, respectively. The reported scenarios are mapped for three 
administrative units of the city: a) districts, b) neighbourhoods and c) census zones. As 
observed, the expected mean damage state for the Eixample district is 1.16 for the 
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deterministic case, and 1.90 for probabilistic case. These values correspond to a slight damage 
grade for the deterministic case, and moderate damage for the probabilistic case. 
 
 
Figure 3-10 Damage Scenario Corresponding to the Deterministic Hazard Case. (Barbat et al., 2008) 
 
 
Figure 3-11 Damage Scenario Corresponding to the Probabilistic Hazard Case. (Barbat et al., 2008). 
 
Additionally, maps depicting the probability of attainment of a given damage state were 
developed for the districts of higher vulnerability. As observed in Figure 3-12, most of the 
buildings in the Eixample district present a probability between 30% and 40% of attaining 
severe damage when the probabilistic scenario is considered. The authors point out that these 
results are reasonable considering the fact that 70% of the buildings in this district are old, 
unreinforced, high-rise masonry buildings. 
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Figure 3-12 Eixample District Probability Map for the Severe Damage State. Probabilistic Hazard Case.  
                       (Barbat et al., 2008). 
 
3.3.2 Moreno et al. (2003) 
This study uses the Capacity Spectrum Method to evaluate the seismic vulnerability of a 
typical six-story unreinforced masonry building from the district of Eixample in Barcelona. 
The seismic demand was defined by means of a 5% damped elastic response spectra in ADRS 
format based on the provisions of the Spanish Code NCSE-94. However, the authors 
considered that this formulation generated values of demand that seemed too low and decided 
to modify its use by adopting certain PGA values corresponding to seismic intensities of the 
MSK scale. In this way, PGA values of 0.06, 0.130 and 0.265 were defined for intensities VI, 
VII and VIII, respectively. Additionally, the obtained elastic response spectra needed to be 
reduced to account for the inelastic behaviour to which the structure is subjected during the 
earthquake. The methodology proposed by the ATC-40 was used to determine the effective 
damping and to obtain the reduced response spectra.   
The seismic capacity was determined by performing a pushover analysis using the software 
TreMuri. The model was based on the original architectonic drawings of an 1882, 
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unreinforced masonry building that represents well the dominating typology found in the 
district of Eixample. Figure 3-13 shows the developed TreMuri model. The uncertainties with 
respect to the mechanical properties of the materials were considered by using the Monte 
Carlo simulation method.   
  
Figure 3-13 Three-dimensional Model and Wall Distribution of the Typical Eixample Building. 
                               (Moreno et al., 2003). 
 
The damage limit states were defined with a methodology based on drift limits for 
unreinforced masonry structures. From these drift limits, the actual spectral displacements that 
define the damage limit states can be easily found. The obtained capacity curve and the 
defined damaged limit states are shown in Figure 3-14. 
Figure 3-15 shows the performance points obtained for the scenarios where the reduced 
demand spectra for the intensities VI and VII were considered. For the case of the intensity VI 
spectrum a slight level of damage is obtained, whereas for the intensity VII spectrum a 
moderate level of damage is achieved. The authors also reported that for the case when the 
intensity VIII spectrum is considered, the results indicate that the buildings in the Eixample 
district would collapse. 
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Figure 3-14 Capacity Curve for Typical Eixample Building and Defined Damage Limit States. 
                                (Moreno et al., 2003) 
 
 
Figure 3-15 Performance Point for the Typical Eixample building. (Moreno et al., 2003). 
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3.3.3 Irizarry (2004) 
The results of the work developed by Irizarry (2004), as part of the Risk-UE Project, An 
advanced approach to earthquake risk scenarios with applications to different european 
towns (Mouroux et al., 2004), for the seismic hazard assessment of Barcelona are presented in 
this section. Of particular importance for the purposes of the present study are the elastic 
acceleration response spectra developed for the city of Barcelona using probabilistic and 
determistic approaches. 
 
• Probabilistic Analysis - Elastic Acceleration Response Spectrum 
In this research project, the seismotectonic zonation developed by Secanell et al. (2004) as 
well as the attenuation law from Ambraseys et al. (1996) were used. The seismicity 
parameters in terms of intensity obtained by Secanell et al. (2004) were also used, but first 
they needed to be transformed into seismicity parameters in terms of a magnitude scale in 
order to be used as the input for the Ambraseys et al. (1996) attenuation relationships. Finally, 
the computer code CRISIS 99-18 (Ordaz et al., 1999) was used to obtain the seismic hazard in 
terms of spectral values for the Catalonia region. Constant hazard maps in terms of peak 
ground acceleration for several return periods, and the acceleration response spectrum for a 
mean soil for a return period of 475 years of the main cities of Catalonia were obtained. For 
the case of Barcelona in particular, acceleration response spectra were also reported for return 
periods of 100, 1000 and 1500 years. 
The site effects were included in the acceleration response spectra by means of spectral 
amplification factors. These amplification factors were determined using the seismic zonation 
for the city of Barcelona based on the simulation of local soil performed by Cid et al. (2001) 
(Figure 3-16) where each zone is characterized by a transfer function. The acceleration 
response spectra for a return period of 475 years developed for each soil zone are presented in 
Figure 3-17. 
Finally, the acceleration response spectra with soil effects were smoothed to obtain a code-
like analytical expression of the spectral acceleration that can be used to evaluate the spectral 
values of both acceleration and displacement for a given period. In order to obtain the 
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analytical acceleration response spectra, two formulations were studied in this research 
project: a) Eurocode 8 formulation; and b) Lagomarsino et al. (2002a) formulation. 
 
 
Figure 3-16 Seismic Zonation of Barcelona Based on Local Effects. (Cid et al., 2001). 
 
The parameters involved in each one of the formulations studied were varied in order to 
achieve smoothed spectra that fit correctly the previously determined acceleration response 
spectra. This procedure was performed for each one of the soil zones and the corresponding 
error of the adjustment was recorded. The results of the two formulations were compared and 
it was concluded that the Lagomarsino et al. (2002a) formulation resulted in more accurate 
spectra. 
Equations 3.1 to 3.5 present the Lagomarsino et al. (2002a) formulation.  Table 3-1 shows the 
selected value of the parameters that must be used with this formulation. Parameters are listed 
for each one of the soil zones. 
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Figure 3-17  475-Return Period Probabilistic and Deterministic Acceleration Response Spectra  
                                with Soil Effects. (Irizarry, 2004). 
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where: 
                             e/  6	/=cd                       fO                    O   log j
e/e. klog j/. k                       	3.5   
See Table 3-1 for all parameters. 
 
Table 3-1 Parameters for the Analytical Probabilistic Acceleration Response Spectrum. (Irizarry, 2004). 
Parameter Zone I Zone II Zone III Zone R 
PGA 184 190 166 98 
TB 0.10 0.10 0.10 0.10 
TC 0.40 0.23 0.19 0.25 
BC 2.00 2.50 2.57 2.29 
d 1.34 1.28 1.12 0.98 
TD 2.85 2.21 1.77 1.75 
BD 0.14 0.14 0.20 0.34 
   
 
• Deterministic Analysis - Elastic Acceleration Response Spectrum 
In order to evaluate the deterministic seismic hazard for the city of Barcelona in terms of 
spectral accelerations, two reference earthquakes were selected. Their location and epicentral 
intensity, along with the appropriate intensity attenuation relationships were used. 
The criterion for the selection of the first reference earthquake was based on finding the event 
with the highest epicentral intensity and closer to Barcelona. A 1448 historical earthquake in 
the Cardedeu region, with an epicentral intensity of VIII (MSK), an epicentral distance of 25 
km from the center of the city and an assigned depth of 7 km, was then selected as the first 
reference earthquake. 
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The criterion for the second reference earthquake was based on finding the event with the 
highest epicentral intensity that, although being a distant event, was felt in the city. This was 
the historical earthquake of 1428 in the Girona region, with an epicentral intensity of IX 
(MSK), an approximate epicentral distance of 90 km to the closer point in Barcelona city and 
an associated depth of 10 km. The location of the two selected reference earthquakes can be 
observed in Figure 3-18.  
As for the case of the probabilistic approach, the site effects were included in the acceleration 
response spectra by means of spectral amplification factors. The transfer functions associated 
to each one of Barcelona’s soil zones (see Figure 3-16) were used to determine the spectral 
amplification factors that affect the previously obtained elastic response spectra for a mean 
soil. The acceleration response spectra for a return period of 475 years developed for each soil 
zone are presented in Figure 3-17. 
Finally, the acceleration response spectra with soil effects were smoothed to obtain a code-
like analytical expression of the spectral acceleration that can be used to evaluate the spectral 
values of both acceleration and displacement for a given period. The procedure carried out for 
the acceleration response spectra obtained from the deterministic analysis was exactly the 
same as the one described in the previous section for the probabilistic analysis.  
Equations 3.1 to 3.5 present the Lagomarsino et al. (2002a) formulation. Table 3-2 lists the 
selected value of the parameters that must be used with this formulation in the case of the 
deterministic analysis acceleration response spectra. Parameters are listed for each one of the 
soil zones. 
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Figure 3-18 Location of Reference Earthquakes Used for the Deterministic Analysis. (Irizarry, 2004) 
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Table 3-2 Parameters for the Analytical Deterministic Acceleration Response Spectrum. (Irizarry, 2004). 
Parameter Zone I Zone II Zone III Zone R 
PGA 133 138 120 71 
TB 0.10 0.10 0.10 0.10 
TC 0.39 0.22 0.22 0.23 
BC 1.91 2.45 2.29 2.26 
d 1.70 1.43 1.40 1.12 
TD 2.30 2.20 2.00 1.75 
BD 0.09 0.09 0.10 0.23 
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4. APPLICATION OF THE CAPACITY SPECTRUM METHOD FOR 
LOCAL COLLAPSE MECHANISMS 
In this Chapter, the methodology described in Chapter 2 of this report is applied to a building 
selected as representative of the typical unreinforced masonry buildings of the Eixample 
district. The selected building corresponds to the “band” building plan configuration, located 
at the sides of the square blocks that conform the district. The other typical plan layout found 
in the district of Eixample corresponds to the “corner” building, located, obviously, at the 
chamfered corners of the square blocks. The “corner” building typology was not considered in 
this study, therefore, the results presented in this chapter correspond only the “band” building 
typology. The local collapse mechanisms considered for the selected building are described 
and the corresponding results of the analysis reported and discussed.  
 
4.1 Description of Selected Building 
According to Moreno, et al., (2003), approximately the 69% of the buildings located in the 
Eixample district consist of unreinforced masonry buildings with a number of stories that 
varies between 4 and 7, and a one-way floor framing system that typically consists of steel or 
wooden beams with small ceramic vaults in between. Based on these criteria, a “band” 
building that represented well the typology described above was selected. 
The building is currently in use today, and it is located at the number 627 of the Gran Via de 
Les Corts Catalanes in Barcelona. According to the information found in the original 
architectural drawings, the building (or at least the project) dates of the year 1888. Figure 4-1 
shows a picture and an elevation of the main façade of the building. 
It is a 6-story building, with a structural system consisting of unreinforced masonry bearing 
walls. The façade presents a well defined arrangement of four door openings at each level. 
The openings are aligned along the height of the building, with bigger size openings at the 
ground level (as this level is intended for commercial use). The latter, summed to the greater 
height of this level, represent a reduction in the stiffness and strength of the wall at this 
location, generating what is known as a soft story condition. 
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Figure 4-2 shows a typical plan of the elevated levels of the selected building. The building is 
rectangular in plan, with approximate dimensions of 14.1 m of front and 27 m in length. It has 
three light wells, one located approximately at the center of the building and other two located 
along the lateral walls of the building. The latter two light wells are shared with the adjacent 
properties. 
As shown in Figure 4-2, the distribution of the bearing walls is such that the floor framing 
steel beams generally span in the longitudinal direction except for the central part of the 
building, where they run in the orthogonal direction, between the walls of the central core 
(that contains the stairs and the central light well) and the lateral walls of the building. The 
façade wall has a thickness of 60 cm at the ground level, and 30 cm at the elevated levels. The 
interior walls, including the core walls, have a thickness of 30 cm at the ground level and 15 
cm at the elevated levels.  
 
 
Figure 4-1 Main Facade of the Selected Building for the Study 
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Figure 4-2 Typical Floor Plan of Selected Building. (Potter, 2011) 
 
4.2 Definition of Parameters Used in the Analysis 
The aim of this section is to report the value assigned during the analysis to general 
parameters such as the loads, material properties, structure factor and the demand spectra 
used, among others. Likewise, a brief discussion about the assumptions made for the analysis 
is presented in this section. As mentioned in the previous section, the geometrical parameters 
were obtained from the original existing drawings. 
 
4.2.1 Material Properties 
The density of the unreinforced masonry was defined as 18 kN/m3. Following the basic 
assumptions of the limit analysis theory, the tensile strength of the unreinforced masonry was 
considered null and the compressive strength unlimited. As a consequence of this unlimited 
strength, the center of rotation of the mechanism is located at the edge of the wall, without 
any reduction to the stabilizing moment arm. Although this assumption is unconservative, its 
effect is not critical and for practicality was used during the analysis. However, during the 
design of the proposed intervention the moment arm was appropriately reduced. 
 
4.2.2 Loads 
The determination of the loads acting on the structure was done following the provisions of 
the “ Codigo Tecnico Documento Básico Seguridad Estructural - Acciones en la Edificación. 
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(CTE-DB-SE-AE)”. This is a document in which the loads to be used for the design of 
structures in Spain are provided. Table 4-1 shows the loads acting on the typical elevated 
floors and the roof.  
Table 4-1 Loads Considered in the Analysis 
Level 
Self-Weight 
(kN/m
2
) 
Finishes DL 
(kN/m
2
) 
Partitions DL 
(kN/m
2
) 
Live Load 
(kN/m
2
) 
Typical Floor 2.50 1.16 0.58 2.00 
Roof 2.50 3.16 0.00 1.00 
 
The loads in Table 4-1 are given in kN per square meter of elevated floor. The finishes dead 
load for the typical floor considers the weight of the tiles, lime mortar and ceiling. The 
finishes dead load for the roof also includes the weight of the super structure generally placed 
there to cover equipment. The partitions dead load was calculated for the actual partition walls 
found in the original drawings and it was distributed over the area of elevated floor. The 
weight of the partitions walls was assumed as 0.785 kN per square meter of wall. The live 
load corresponds to a residential load as specified in the provisions. 
The weight considered active during the seismic event was defined as the entire self-weight of 
the structure and 30% of the live load on the typical floors. No roof live load weight was 
considered active during the earthquake. The load combination then is as shown in expression 
4.1: 
 
1.0 · 	Ulm nUopq  JoforpUr sL  =tqoqoufr sL   0.3 · 	Jluut LoU LuO        	4.1 
 
4.2.3 Structure Factor 
The structure factor, q, used for the kinematic linear analysis verification as explained in 
section 2.4.1, was defined as 1.5. This value seems a reasonable value given the low ductility 
that characterizes the unreinforced masonry bearing wall structural systems. 
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4.2.4 Factor of Confidence 
This is a factor defined in the Italian Code NTC DM 14-01-08. The factor can take values 
between 1.0 and 1.35 depending on the level of knowledge of the structure. Aspects such as 
the depth of the geometrical, material and constructive survey, as well as the mechanical 
research with respect to the terrain and the foundation, are considered for the determination of 
the confidence factor. 
In the case of our analysis, since the goal of the project is not to study a building in particular, 
but a generic model that represents well the buildings of the entire district, the confidence 
factor was kept as 1.0. 
 
4.2.5 Demand Spectra Considered in the Analysis 
The demand spectra considered during the analysis include the ones developed by Irizarry 
(2004) using probabilistic and deterministic methodologies (the formulation for these spectra 
was presented in section 3.3.3). Likewise, code spectra defined by the NCSE-02 and the 
EUROCODE 8 were included (the formulation for these spectra was presented in section 2.2). 
Each one of these acceleration response spectra is defined for different soil types. For the 
purpose of the analysis performed in the present study for the buildings of the Eixample 
district and based on the seismic zonation of Barcelona proposed by Cid et al., (2001) (see 
Figure 3-16), the probabilistic and deterministic spectra developed by Irizarry (2004) will be 
considered only for Zones I and II. 
In order to determine the corresponding soil types for the classification used by the NCSE-02 
and the EUROCODE 8, the average shear wave velocity, Vs,30, has been used as the 
comparative parameter. Table 4-2 shows the soil types and the corresponding shear wave 
velocity values of the different scenarios considered in this study. 
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Table 4-2 Comparison of Soil Classifications. 
Cid et al. (2001) NCSE-02 EUROCODE 8 
Soil Zones Vs,30 (m/s) Soil Type Vs,30 (m/s) Soil Class Vs,30 (m/s) 
I 225 IV < 200 C 180 - 360 
II 384 III 200 - 400 B 
360 - 800 
III 405 II 400 - 750 B 
R (rock sites) 800 I > 750 A > 800 
 
As mentioned above, the location of the district of the Eixample falls in zones I and II of the 
zonation proposed by Cid at al. (2001) for Barcelona (see Figure 3-16). For this reason, only 
the demand spectra corresponding to these zones will be used for the probabilistic and 
deterministic spectra. Based on the information presented in Table 4-2, the corresponding soil 
type for the NCSE-02 code classification is the soil type III. However, due to the proximity of 
the average value of the shear wave velocity for soil zone I in the Cid et al. (2001) 
classification to the 200 m/s upper limit for the soil type IV of the NCSE-02, the latter will 
also be considered in the analysis. Similarly, the corresponding soil class for the EUROCODE 
8 classification are the soil classes B and C. 
Once the elastic acceleration response spectra are determined using the formulations 
previously presented, the corresponding demand spectra can be obtained following the 
procedure presented in section 2.2 of this report. 
The demand spectra considered in the analysis are shown in Figure 4-3. The spectra are 
initially shown in two separate figures for clarity. At this point, it is worth to point out that the 
demand spectra obtained by means of the probabilistic analysis show the highest demand in 
terms of the spectral acceleration. However, since the NCSE-02 spectrum is the only one that 
does not present a constant displacement region in its formulation, the spectral displacements 
keeps increasing as the spectral acceleration decreases. For all the other formulations the 
spectral displacement is truncated when the constant displacement region is reached. 
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Figure 4-3 Elastic Demand Response Spectrum Comparison (separated for clarity). 
 
The comparison of all the elastic demand spectra is also presented in one single plot in Figure 
4-4.   
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Figure 4-4  Elastic Demand Spectra Comparison (all spectra). 
 
4.2.6 Maximum Allowed Displacement at the Roof Level 
In section 2.4.2 the safety verification procedure for the kinematic nonlinear analysis was 
described. The Circolare No. 617 of the Italian norm defines that the spectral displacement 
capacity of the mechanism, du*, must be taken as the minimum of: a) 40% of the spectral 
displacement d0
* (displacement for which the spectral acceleration a* is equal to zero); and b) 
the displacement corresponding to a situation locally incompatible with the stability of other 
elements of the structure (for example, the loss of floor framing beam support). 
For all the out-of-plane analyses performed in the present study, the displacement at the roof 
level was limited to 10 cm in order to avoid the instability of the floor framing caused by the 
loss of support of the beams. The actual beam support length obviously varies from one 
building to another, or even within the same building, but for the purposes of this study, a 
generic value of 10 cm constitutes a reasonable limit. 
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4.3 Seismic Analysis of Local Collapse Mechanisms 
In this section, the local mechanisms considered in the analysis of the selected building are 
described and the corresponding results reported and analyzed. During the analysis, several 
mechanisms were studied for the main façade of the building. Based on the results of the main 
façade analysis, a series of critical mechanisms were identified and selected for the analysis 
performed in the interior walls of the building. Finally, different collapse mechanisms for the 
staircase core (considered as a whole) were analyzed. Due to the large amount of mechanisms 
considered in this study, spread sheets were developed to speed up the procedure.  
 
4.3.1 Main Façade Analysis 
A wide variety of possible local collapse mechanisms including out-of-plane and in-pane 
cases are analyzed for the main façade. Initially, a brief description of the mechanisms 
considered is given, followed by a discussion of the results. 
4.3.1.1 Local Collapse Mechanisms Considered for the Main Façade 
• Mechanism 1 
This mechanism consists in the out-of-plane overturning of the façade. This situation is likely 
to occur when the connection of the facade to the orthogonal walls does not exist, or when it 
has been weakened due to differential settlements or other actions during the life of the 
structure. As shown in Figure 4-5, the mechanism can involve the entire façade or only a 
portion of it. According to this, six different cases were analyzed for Mechanism 1: one 
starting at the ground level, involving the entire façade; and five more involving only the 
portion of the wall above the level at which the mechanism is considered to start. 
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Figure 4-5 Main Façade - Mechanism 1 
 
• Mechanism 2 
This mechanism also consists in the out-of-plane overturning of the façade, but in this case 
the orthogonal walls connected to the main façade are involved in the mechanism. Obviously, 
this condition can only occur if an appropriate connection exists between the façade and the 
orthogonal walls. As observed in Figure 4-6, an angle of 15º was assumed between the 
vertical edge of the façade and the plain of failure on the orthogonal walls. The inclination of 
such plain of failure depends not only on mechanical properties of the masonry such as the 
bond strength and the specific weight of the masonry units, but also on geometrical 
characteristics like the size blocks and the average height of the courses. As for the case of 
Mechanism 1, six different cases were analyzed for Mechanism 2, involving either the entire 
façade wall or only the portion above the level at which the mechanism is considered to start. 
 
• Mechanism 3 
In this case, the out-of-plane overturning of a vertical strip of the façade is considered. This 
mechanism is likely to occur in buildings with a regular vertical distribution of the openings 
in the façade, which is a very common situation in the buildings of the Eixample district.    
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Figure 4-6 Main Façade - Mechanism 2 
 
Additionally, a poor connection of the horizontal lintels across the opening to the vertical 
piers must exist for this mechanism to develop. In this case, the rupture occurs at the end of 
the lintels as shown in Figure 4-7. This situation is likely to occur in many of the Eixample 
district buildings, in which these lintels consist of steel beams. For this condition, the steel 
beam rotates in the out-of-plane direction about the point where the plane of rupture occurs.    
Although it is not illustrated in Figure 4-7, the rupture could also occur at some plane within 
the length of the lintel itself. This situation could take place in buildings where flat masonry 
arches are used as lintels. 
During the analysis of this type of mechanism, two different strip widths were considered. In 
the first case, the strip is as shown in Figure 4-7; the second strip width considered is reduced 
and involves only the central pier and the adjacent lintels. Moreover, for each of these two 
strip widths, mechanisms starting at the different elevated levels were also analyzed (as for 
Mechanisms 1 and 2). In this way, a total of 12 cases were studied for Mechanism 3. 
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Figure 4-7 Main Façade - Mechanism 3 
    
• Mechanism 4 
This mechanism consists on the partial out-of-plane overturning of the wall. As shown in 
Figure 4-8, the rupture on the main façade occurs at an angle and its path is partially dictated 
by the openings present on the wall. This case is likely to occur in situations where there is an 
uneven relative level of connection with the orthogonal walls and the quality of the fabric is 
poor. The mechanism was analyzed also for conditions at which the mechanism starts at 
different elevated levels. A total of 6 cases were studied for this mechanism. 
 
• Mechanism 5 
This case is similar to Mechanism 4, but involving a portion of one of the orthogonal walls 
(see Figure 4-9). In this situation, the connection between the façade wall and the orthogonal 
wall involved in the mechanism is obviously of good quality. As in the case of Mechanism 2, 
the angle of rupture along the orthogonal wall was assumed as 15º with respect to the edge of 
the façade wall. Once again, mechanisms of the same type, starting at different elevated levels 
were considered. A total of six analyses were carried out for this mechanism. 
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Figure 4-8 Main Façade - Mechanism 4 
 
 
Figure 4-9 Main Façade - Mechanism 5 
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• Mechanism 6 
As shown in Figure 4-10, this mechanism involves only a portion of the wall at the upper part 
of the building. In this case, the mechanism is characterized by a horizontal arch effect thru 
the thickness of the wall; therefore a vertical crack on the fabric is generated. Only one 
analysis, corresponding to the situation represented in the scheme below was carried out for 
this mechanism.    
 
Figure 4-10 Main Facade - Mechanism 6 
 
• Mechanism 7 
This is a mechanism characterized by the in-plane overturning of the masonry piers. It is 
likely to occur in walls that present several bands of openings (as is the case of the Eixample 
building facades) with rather poor quality fabric. As shown in Figure 4-11, diagonal tension 
cracks develop at each of the piers of a single level of the building. Simultaneously, a 
horizontal shear crack also appears along the top of each one of the piers, creating a series of 
triangular panels that rotate as rigid bodies about the lower corner of each panel. During the 
analysis, in order to ensure compatibility, it is assumed that the horizontal movement of the 
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top of each of the triangular panels is the same. In this way, in the case where panels with 
different widths exist at the same level, they experience different degrees of rotation in order 
to have the same horizontal movement at the top of the panel. A total of six analyses, 
considering the mechanism at each one of the six levels of the building, were carried out for 
this case.   
 
Figure 4-11 Main Facade - Mechanism 7 
 
• Mechanism 8 
In this case, as in Mechanism 7, diagonal tension cracks appear in the masonry piers. 
However, for this mechanism the cracks are formed at different levels creating a sort of global 
diagonal crack that develops all the way to the top of the wall (see Figure 4-12). The 
mechanism then consists on the in-plane overturning of the triangular portion of the wall 
located above the developed diagonal crack. A total of six cases were analyzed, each one 
corresponding to the mechanism starting at the different levels of the building.   
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Figure 4-12 Main Facade - Mechanism 8 
 
• Mechanism 9 
This mechanism is likely to occur in buildings where slender masonry piers are present at the 
lower level, generating a soft story condition. Since the ground level of the Eixample district 
buildings are intended for commercial use, larger floor-to-floor heights and bigger openings 
are typical at this level. This situation obviously creates slender piers. 
As shown in Figure 4-13, the mechanism is characterized by nearly horizontal cracks that 
develop at the top and bottom of the masonry piers in the lower level. Each of the resulting 
rectangular panels rotates about one of the lower corners of the panel. As explained above for 
Mechanism 7, in order to ensure the compatibility of the mechanism, it is assumed that the 
horizontal movement of the top of each of the rectangular panels is the same. Only one 
analysis corresponding to the conditions shown in Figure 4-13 was carried out for this 
mechanism. 
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Figure 4-13 Main Facade - Mechanism 9 
 
4.3.1.2 Analysis of Results for the Main Façade 
In this section the most important results of the different mechanisms studied for the main 
façade are reported and discussed. Appendix A contains figures where the results of all the 
cases considered, for both the linear and nonlinear kinematic analyses are reported. 
 
• Mechanism 1 
In section 2.4.1 of this report, the procedure for the verification of the kinematic linear 
analysis was described. For the case in which the macroelement is supported on the ground 
level, expression 2.22 must be satisfied to ensure the safety of the mechanism. On the other 
hand, when the local collapse mechanism starts at an elevated level, both expressions 2.22 and 
2.23 must be satisfied in order to verify the safety of the studied mechanism. 
These expressions are presented again here for convenience: 
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Figure 4-14 and Figure 4-15 show the results of the kinematic linear analyses performed for 
the 6 cases studied for Mechanism 1, including all the different demand spectra considered. 
The results are expressed as the ratio of the spectral acceleration that activates the mechanism 
a0
*, to the demand acceleration ad (the demand acceleration is defined by the right side of the 
inequalities 2.22 and 2.23); in other words, the capacity-to-demand ratio. If this ratio is equal 
or higher than 1.0, the safety of the mechanism is verified. In the Figures, the mechanisms are 
labelled by the mechanism considered, followed by the level at which the mechanism starts. 
For example, “M1 – Third”, is the Mechanism 1, starting at the third level. Note that the 
results presented in Figure 4-15 do not include the “M1 – Ground” mechanism since 
expression 2.23 do not need to be checked for mechanisms supported at the ground level. 
As can be observed, for most of the scenarios considered a value lower than 1.0 is obtained, 
indicating that the mechanisms are not safe. Only a few mechanisms (generally those starting 
at the upper levels) are verified for the Eurocode 8 and the NCSE-02 demand spectra. For the 
verification using expression 2.22 a clear trend is observed: as the level at which the 
mechanism starts is higher, the ratio is higher. This is reasonable since as the mechanism 
starts at a higher level, the total height of the portion of the wall involved in the mechanism is 
lower, making the macroelement more stable (the spectral acceleration that activates the 
mechanism has a higher value). This trend is not so clear for the verification using expression 
2.23 given that in this expression the demand acceleration is amplified for the mechanisms 
starting at elevated levels. 
The Circolare No. 617 of the Italian normative states that if the safety of the mechanism is not 
verified by means of the kinematic linear analysis, it is possible to perform a more elaborated 
kinematic nonlinear analysis in order to corroborate the safety of the mechanism. The results 
of the nonlinear analysis then prevail over the results of the linear analysis. The results of the  
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kinematic nonlinear analysis are presented in Figure 4-16 and Figure 4-17. In this case, results 
are expressed as the ratio of the spectral displacement capacity du
*, to the displacement 
demand ∆d. As for the linear analysis cases, each Figure presents the ratios obtained for each 
one of the two expressions that need to be verified according to the methodology described in 
section 2.4.2. That is, Figure 4-16 presents the results for the verification of expression 2.25; 
whereas Figure 4-17 presents the results of expression 2.26. 
Expressions 2.25 and 2.26 are presented here again for convenience: 
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 /'	                                                         	2.25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                              	2.26 
 
Despite the results previously obtained using the linear analysis; it is observed that when a 
kinematic nonlinear analysis is performed, the safety is verified for most of the scenarios 
considered. For the expression 2.25 verification, some of the mechanisms are not verified 
only for the NCSE-02 demand spectra. The reason why this demand spectrum represents the 
critical case for this verification has to do with the fact that the response spectrum formulation 
of the Spanish normative does not have the constant displacement region (see section 4.2.5). 
In the case of the expression 2.26 verification, only the mechanism “M1 – Fourth” is not 
verified for the Probabilistic Zone I demand spectrum. For the expression 2.26 verification, 
the Probabilistic demand spectrum is the critical case due to the fact that when the 
fundamental period of the entire structure T1 is considered to evaluate the displacement 
demand (as opposed to the secant period used in the expression 2.25 verification), the 
maximum displacement demand is obtained for the Probabilistic Zone I case.  
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As the NCSE-02 Type IV and the Probabilistic Zone I spectra were identified as the critical 
scenarios, their results are presented in more detail in Figure 4-18 and Figure 4-19. As 
observed in these Figures, the trend identified for the linear analysis is also present here for 
the expression 2.25 verification: as the level at which the mechanism starts is higher, the ratio 
is higher. This behaviour is expected. As explained before, as the level at which the 
mechanism starts is higher, the macroelement is more stable and its correspondent secant 
period, Ts, becomes smaller. As explained in section 2.2, in the acceleration displacement 
response spectrum (ADRS) format, the period is represented as a radial line starting at the 
origin. The slope of the line is higher as the period becomes smaller. Consequently, a 
mechanism with a smaller period (a higher slope) will intersect the demand spectra at a lower 
level of displacement (see Figure 2-2). 
The opposite trend is observed for the ratios obtained by means of the expression 2.26 
verification: as the level at which the mechanism starts is higher, the capacity-to-demand ratio 
is lower. This behaviour is explained by the acceleration amplification factor included in 
expression 2.26 to calculate the displacement demand. As the start of the mechanism is 
located at a higher level, the acceleration amplification is higher.  
Finally, it should be pointed out that the lowest ratio calculated for the expression 2.25 
verification, was 0.571 and corresponds to the mechanism “M1 – Ground” when subjected to 
the NCSE-02 Type IV spectrum. Similarly, for expression 2.26 verification, the lowest ratio 
was 0.883 and corresponds to the mechanism “M1 – Fourth” when subjected to the 
Probabilistic Zone I spectrum. The safety of Mechanism 1 is not verified for the identified 
critical scenarios. 
   
• Mechanism 2 
In this section, as it was done in the final part of the analysis of results of Mechanism 1, only 
the results corresponding to the demand spectra that are identified as critical are presented. In 
fact, only the results of the kinematic nonlinear analysis will be presented (according to the 
Circolare No. 617 of the Italian normative, the kinematic linear analysis is a preliminary 
analysis and it is override by the results of the kinematic nonlinear analysis). However, the 
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results of all the analyses performed for this mechanism, including the ones for the kinematic 
linear analysis, are presented in Appendix A.
 
Figure 4-18 Mechanism 1. Kinematic Nonlinear Analysis. NCSE
 
Figure 4-19 Mechanism 1. Kinematic Nonlinear Analysis. Probabilistic Zone I.
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As it was the case for Mechanism 1, the critical scenarios for Mechanism 2 correspond to the 
NSCE-02 Type IV and the Probabilistic Zone I spectra. The results of the kinematic nonlinear 
analysis for these two scenarios are presented in 
observed, the same trend as the one identified for the Mechanism 1 is present for this case: for 
the expression 2.25 verification, as the level at which the mechanism is considered to start is 
higher, the capacity-to-demand ratio is higher. The o
performed using expression 2.26. 
Furthermore, the critical ratios are obtained for the same starting level mechanisms and their 
values are actually very similar: for the 
was 0.573 corresponding to the mechanism “M2 
Type IV spectrum. In the same way, for the verification performed using 
lowest ratio was 0.961 and corresponds to the mechanism “M2 
the Probabilistic Zone I spectrum.  The safety of Mechanism 2 is not verified for the critical 
spectra identified. 
   
Figure 4-20 Mechanism 2. Kinematic Nonlinear Analysis. NCSE
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Figure 4-21 Mechanism 2. Kinematic Nonlinear Analysis. Probabilistic Zone I.
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Figure 4-22 Mechanism 3a. Kinematic Nonlinear Analysis. NCSE
 
Figure 4-23 Mechanism 3a. Kinematic Nonlinear Analysis. Probabilistic Zone I.
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The critical ratios are obtained for the same starting level cases as those of Mechanism 1, and 
their values are practically the same: for th
found was 0.570 corresponding to the mechanism “M3a 
NCSE-02 Type IV spectrum. In the same way, for the verification performed using 
2.26, the lowest ratio was 0.883
subjected to the Probabilistic Zone I spectrum.
Figure 4-24 and Figure 4-
before, the critical capacity
1 and 3a. The values calculated were 0.569 corresponding to the mechanism “M3b 
when subjected to the NCSE
when subjected to the Probabilistic Zone I spectrum. The safety of Mechanism 3a and 3b is 
not verified for the identified critical scenarios.
  
Figure 4-24 Mechanism 3b. Kinematic Nonlinear Analysis. NCSE
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Figure 4-25 Mechanism 3b. Kinematic Nonlinear Analysis. Probabilistic Zone I.
 
• Mechanism 5 
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Figure 4-26 Mechanism 4. Kinematic Nonlinear Analysis. NCSE
 
Figure 4-27 Mechanism 4. Kinematic Nonlinear Analysis. Prob
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Figure 4-28 Mechanism 5. Kinematic Nonlinear Analysis. NCSE
 
Figure 4-29 Mechanism 5. Kinematic Nonlinear Analysis. Probabil
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the safety of the mechanism is not verified with a demand/capacity ratio of 0.867. On the 
contrary, for the case of the expression 2.25
calculated was 1.203 for the NCSE
verified in order to ensure the safety of the structure.  
 
Figure 4-30
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shown in Figure 4-31 (for M7-Ground, subjected to the NCSE-02 Type IV demand 
spectrum).  
Note that in this case the curve is not extended all the way to the point where the 
corresponding spectral acceleration a*, is equal to zero. This means that at the end of the 
capacity curve that we have assumed for the analysis, the entire mechanism is still able to 
withstand horizontal forces. In reality, at this point, the force in the weaker failing panel is 
redistributed to the other panels involved in the mechanism which are still able to carry load. 
Therefore, in the kinematic nonlinear analysis the damage present in the mechanism is 
restricted to the limit specified by the methodology proposed in the Italian normative for the 
weaker panel (or panels, if there is more than one with the same geometry), whereas all the 
other panels involved in the mechanism will have a lower level of damage. 
The assumption described above was made also for the in-plane Mechanism 9 which results 
will be presented later in this report.   
  
 
Figure 4-31 Capacity Curve for Mechanism M7-Ground and NCSE-02 Type Demand Spectrum 
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As it was the case for the out
Mechanism 7 are the NCSE
Probabilistic Zone I for the verification performed with expression 2.26. The c
results are presented in Figure 
This in-plane mechanism is very stable with very high capacity
safety is verified for all the cases studied (even for the linear analysis, see Figures A
A-30 in Appendix A). The lowest ratio calculated was 5.07 for the expression
verification, corresponding to the mechanism “M7 
02 Type IV spectrum. Similarly, the verification done using expression 2.26 showed a critical 
ratio of 4.45 for mechanism “M7 
spectrum. 
 
Figure 4-32 Mechanism 7. Kinematic Nonlinear Analysis. NCSE
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Figure 4-33 Mechanism 7. Kinematic Nonlinear Analysis. P
 
• Mechanism 8 
This mechanism is very stable and not likely to be problematic under the moderate seismic 
solicitation conditions of Barcelona. Its stability relies in the big moment arm of the 
stabilizing moment provided by the self
mechanisms starting at the upper levels where the moment arm is smaller. The later is 
illustrated in Figure 4-34 and Figure 
expression 2.25 verification): the capacity
mechanism is considered to start increases. It is interes
opposite to the one identified for all the previous mechanisms (for the expression 2.25 
verification).  
A minimum ratio of 6.56 was obtained for 
the NCSE-02 Type IV spectrum
verification was 4.74 and corresponded to the mechanism “M8 
Probabilistic Zone I scenario is considered. The safety of this mechanism was verified also for 
all linear analyses. 
0,0
5,0
10,0
15,0
20,0
25,0
30,0
M7 - Ground M7 -
d
u
* /
∆∆ ∆∆ d
Seismic Behaviour of  Typical Masonry Buildings from Barcelona’s “Eixample”
Erasmus Mundus Programme
robabilistic Zone I.
-weight of the macroelement, even for t
4-35 where a clear trend is identified (even for the 
-to-demand ratio decreases as the level at which the 
ting to point out that this trend is 
the mechanism “M8 – Fourth” when subjected to 
. Similarly, for the lowest ratio for the expression 2.26 
- Fourth” when the 
Principal M7 - First M7 - Second M7 - Third M7 
Mechanism
Expression 2.25 Verification
Expression 2.26 Verification
 
 
 
 
 
he 
- Fourth
Seismic Behaviour of Typical Masonry Buildings from Barcelona’s
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS
Figure 4-34 Mechanism 8. Kinematic Nonlinear Analysis. NCSE
 
Figure 4-35 Mechanism 8. Kinematic Nonlinear Analysis. Probabilistic Zone I.
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considered just for the ground level, the safety verification for the nonlinear analysis must be 
performed only using expression 2.25. The results of the analysis performed for the different 
demand spectra are presented in Figure 
 
Figure 4-36 Mechanism 9-
 
Again, the obtained capacity-to-
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considered. The safety of this mechanism was also verified for the kinematic linear analysis.
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• Summary of Results for Main Façade 
The critical cases identified during the analysis of the mechanisms studied for the main façade 
are summarized in Table 4-3. The identification of the critical cases was based on the results 
of the kinematic nonlinear analysis, in particular, on the ratio of the spectral displacement 
capacity du
*, to the displacement demand, ∆d. Information about the type of mechanism, the 
demand spectrum considered and the expression used for the verification is also reported.  
 
Table 4-3 Summary of Results for Kinematic Nonlinear Analysis of Main Façade. 
Mechanism 
Mechanism 
Type 
Demand 
Spectra 
Expression for 
Verification 
Capacity-to-
demand Ratio 
Safety 
Verification 
M1-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.571 Not Verified 
M2-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.573 Not Verified 
M3a-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.570 Not Verified 
M3b-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.569 Not Verified 
M4-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.565 Not Verified 
M5-Ground Out-of-Plane NCSE-02 IV Expression 2.25 0.567 Not Verified 
M6-Fourth Out-of-Plane Probabilistic I Expression 2.26 0.867 Not Verified 
M7-Fourth In-Plane Probabilistic I Expression 2.26 4.45 Verified 
M8-Fourth In-Plane Probabilistic I Expression 2.26 4.74 Verified 
M9-Ground In-Plane NCSE-02 IV Expression 2.25 5.22 Verified 
 
All the out-of-plane mechanisms considered do not satisfy the requirements for the safety 
verification. Moreover, the capacity-to-demand ratio calculated for Mechanisms 1 to 5 are 
practically the same. As explained before, this situation has to do with the fact that a 
maximum allowed displacement of 10 cm at the roof level was set during the nonlinear 
analysis of out-of-plane mechanism. The critical condition for Mechanisms 1 to 5 corresponds 
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to the case starting at the ground level and subjected to the NCSE-02 Type IV demand 
spectra. Their ratios correspond to the verification done using expression 2.25. 
At this point, it is worth to mention that if the 10 cm displacement limit is neglected in the 
analysis (this is done here only for analysis purposes. In reality, the stability of the floor 
framing support must be taken into account by using the 10 cm limit), the lowest capacity-to-
demand ratios for the out-of-plane mechanisms are calculated for Mechanism 4. In fact, if the 
analysis is performed without this limit, it is possible to reach a conclusion about what out-of-
plane mechanism is weaker than the others. Actually, the results obtained indicate that the 
mechanisms are ordered from weakest to stronger as follows: 
 Mechanism 4   
 Either Mechanism 1 or 3. As explained before, for the sake of the analysis, they are 
practically the same. Only the actual conditions of the studied building (i.e. the 
connection of the lintels to the masonry piers, etc) can give us an idea of which one is 
more likely to occur. 
 Mechanism 5 
 Mechanism 2 
 
On the other hand, Mechanism 6 for which only the case starting at the fourth level was 
considered (given the nature of this mechanism), is controlled by the verification performed 
using expression 2.26. As mentioned before in the discussion of results, the later expression 
takes into account the acceleration amplification when the displacement demand is 
determined. Therefore, mechanisms starting at the upper levels will always be controlled by 
expression 2.26 over 2.25. 
As far as the in-plane mechanisms is concerned, it can be concluded that they do not represent 
a threat for the main façade under the seismic scenarios considered during the analysis. The 
critical capacity-to-demand ratios were higher than 4.0 for all the cases, indicating a high 
level of safety. Based on the obtained results, it is possible to conclude that the weakest in 
plane mechanism is Mechanism 7. It is worth to note that during the analysis, the significant 
influence of the panel slenderness in the capacity of Mechanism 7 and 9 was recognized. The 
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higher the slenderness of the panels involved in the mechanism, the lower the capacity of the 
system.  
 
4.3.2 Interior Walls Analysis 
Based on the extensive analysis performed for the main façade of the building, a set of critical 
cases were selected to carry on an analysis of local collapse mechanism for the interior walls. 
The following criteria were used to select the critical cases to perform a kinematic nonlinear 
analysis of the interior walls: 
 The weakest out-of-plane mechanism is Mechanism 4, followed by either mechanism 
1 or 3. 
 The weakest in-plane mechanism is Mechanism 7 
 The lowest capacity-to-demand ratios for the out-of-plane cases are obtained for the 
mechanisms starting at the ground level. 
 The lowest capacity-to-demand ratios for the in-plane cases are obtained for 
mechanisms starting at the fourth level. (However, in-plane analyses were also carried 
out for the ground level case given that the opening arrangement is different at this 
level, with larger openings that lead to more slender piers).  
 Expression 2.25 controls over expression 2.26 for the verification of mechanisms 
starting at the ground level. 
  Expression 2.26 controls over expression 2.25 for the verification of mechanisms 
starting at the fourth level. 
  The NCSE-02 Type IV demand spectrum is the critical scenario for mechanisms 
starting at the ground level. 
 The Probabilistic Zone I demand spectrum is the critical seismic scenario for 
mechanisms starting at the fourth level. 
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Figure 4-37 shows the typical plan of the building. On this plan, the interior walls considered 
in the present analysis were identified from A to F. These labels are used as the reference to 
report and discuss the results. 
 
 
Figure 4-37 Interior Walls Identification. (Modified from original by Potter, 2011) 
 
Table 4-4 and Table 4-5 summarize the results of the in-plane and out-of-plane analyses 
performed for the study of the interior walls, respectively. Out-of-plane mechanisms were 
considered only on portions of the wall that are not braced by the floors in both sides. 
Therefore, for Walls A, B and C only the in-plane mechanisms are considered. 
As expected, the results of the in-plane analyses show that the safety of all the interior walls is 
verified. It is worth to mention that some of the lower ratios calculated correspond to walls 
where slender panels are present (see Walls B and D on Figure 4-37). These ratios also 
correspond to mechanisms occurring at the fourth level, where, according to what was 
concluded from the main façade analysis, the critical in-plane mechanisms occur. 
On the other hand, the results of the out-of-plane analysis shown in Table 4-5 indicate that the 
safety of the walls is not verified for this type of mechanisms. One interesting result is that for 
the interior walls, the maximum allowed displacement of 10 cm at the roof level did not 
control the verification. Instead, the actual ultimate displacement capacity obtained from the 
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capacity curve controls. This result is reasonable given that these interior walls are thinner 
than the main façade walls, and therefore more instable. The thickness of the main façade wall 
was taken as 60 cm at the ground level and 30 cm for the elevated levels, whereas for the 
interior walls it was taken as 30 cm and 15 cm for the ground and elevated levels, 
respectively.       
 
Table 4-4 Summary of In-Plane Kinematic Nonlinear Analyses for Interior Walls 
Wall Mechanism  
Demand 
Spectra 
Expression for 
Verification 
Capacity-to-
demand Ratio 
Safety 
Verification 
Wall A 
M7 - Ground NCSE-02 IV Expression 2.25 5.50 Verified 
M7 - Fourth Probabilistic I Expression 2.26 2.95 Verified 
Wall B 
M7 - Ground NCSE-02 IV Expression 2.25 3.82 Verified 
M7 - Fourth Probabilistic I Expression 2.26 1.77 Verified 
Wall C 
M7 - Ground NCSE-02 IV Expression 2.25 3.20 Verified 
M7 - Fourth Probabilistic I Expression 2.26 6.85 Verified 
Wall D 
M7 - Ground NCSE-02 IV Expression 2.25 8.04 Verified 
M7 - Fourth Probabilistic I Expression 2.26 1.41 Verified 
Wall E 
M7 - Ground NCSE-02 IV Expression 2.25 7.27 Verified 
M7 - Fourth Probabilistic I Expression 2.26 6.62 Verified 
Wall F 
M7 - Ground NCSE-02 IV Expression 2.25 4.11 Verified 
M7 - Fourth Probabilistic I Expression 2.26 1.92 Verified 
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Table 4-5 Summary of Out-of-Plane Kinematic Nonlinear Analyses for Interior Walls 
Wall Mechanism  
Demand 
Spectra 
Expression for 
Verification 
Capacity-to-
demand Ratio 
Safety 
Verification 
Wall D 
M3a - Ground NCSE-02 IV Expression 2.25 0.44 Not Verified 
M4 - Ground NCSE-02 IV Expression 2.25 0.29 Not Verified 
Wall E 
M1 - Ground NCSE-02 IV Expression 2.25 0.43 Not Verified 
M4 - Ground NCSE-02 IV Expression 2.25 0.30 Not Verified 
Wall F 
M1 - Ground NCSE-02 IV Expression 2.25 0.462 Not Verified 
M4 - Ground NCSE-02 IV Expression 2.25 0.347 Not Verified 
 
4.3.3 Staircase Core Analysis 
In this section, a seismic analysis performed for some of the possible local collapse 
mechanisms for the staircase treated as a whole is presented. The core consists on the portion 
of the interior walls in which the stairs and the interior light well are contained. These types of 
mechanisms are possible only under the assumption that a good connection between the walls 
that conform the core exists. The opposite situation in which, due to the lack of connection, 
each wall behaves independently was already analyzed in section 4.3.2 for the interior walls. 
Initially, a brief description of the mechanisms considered is given, followed by the 
discussion of the results. 
4.3.3.1 Local Collapse Mechanisms Considered for the Staircase Core 
• Mechanism 10 
This mechanism consists on the overturning of the core in the longitudinal direction. Figure 
4-38 shows schematically the mechanism. As can be observed, the mechanism always starts at 
the ground level, but can involve the entire core or only portions of it depending on the 
inclination of the crack along which the mechanism is formed. A total of six cases were 
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considered in the analysis, corresponding to six different crack inclinations (going from the 
ground level to each one of the elevated levels).  
 
Figure 4-38 Staircase Mechanism 10. 
 
• Mechanism 11 
This mechanism is complementary to the previous Mechanism 10. It considers the cases in 
which the mechanism does not start at the ground level, but at the elevated levels instead. In 
this way, the effect of the acceleration amplification is studied also. Figure 4-39 shows 
schematically the mechanism. 
 
• Mechanism 12 
This case is similar to Mechanism 10, only that the overturning of the core is considered in 
the transversal direction as shown in Figure 4-40. As explained for Mechanism 10, the six 
cases analyzed for this mechanism start at the ground level, each one considering a different 
crack inclination. Given the geometry of the staircase core, this mechanism is expected to be 
weaker than Mechanism 10 due to the fact that the in the transversal direction, the distance 
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between the front and rear walls of the core is smaller, resulting in a smaller stabilizing 
moment. 
At this point, it is worth mentioning that the complementary mechanisms starting at different 
levels were not studied for the transversal direction because the results of Mechanisms 10 and 
11 for the overturning in the longitudinal direction indicated that the critical situation occurs 
for the case starting at the ground level.  
 
 
Figure 4-39 Staircase Mechanism 11 
 
• Mechanism 13 
This mechanism considers the sliding of the entire staircase core. The sliding plane can occur 
at different levels along the height of the building. For this reason, a total of six cases were 
analyzed for this mechanism, each one starting at a different level. Figure 4-41 schematically 
shows the mechanism. 
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Figure 4-40 Staircase Mechanism 12 
 
 
 
Figure 4-41 Staircase Mechanism 13. 
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4.3.3.2  Analysis of Results for Staircase Core Mechanisms 
• Mechanism 10 
Each one of the six cases analyzed for this mechanism was subjected to the eight different 
seismic scenarios considered in this study (described in section 4.2.5). Given that this 
mechanism starts at the ground level, the safety verification needed to be evaluated using only 
expressions 2.22 and 2.25 for the linear and nonlinear analyses, respectively. 
The results of the linear analysis indicate that this mechanism is quite strong. This is 
reasonable given the large moment arm between the front and rear walls of the core which 
results in a large stabilizing moment. In fact, the safety of the mechanism was verified in all 
the cases for the kinematic linear analysis; the minimum capacity-to-demand ratio found was 
2.39. Although the Italian normative states that if the safety of the mechanism is verified 
during the preliminary linear analysis there is no need to perform a nonlinear one, the fact that 
a maximum allowed displacement at the roof of 10 cm has been set as a limit, makes it 
necessary to perform a displacement-based analysis. For this reason, kinematic nonlinear 
analyses were also performed. 
As it was the case for the analysis performed for the main façade and the interior walls, the 
critical seismic scenario for out-of-plane mechanisms starting at the ground level was the one 
corresponding to the NCSE-02 soil type IV demand spectrum. Therefore, only the results of 
the kinematic nonlinear analysis corresponding to this seismic scenario are presented here. 
Figure 4-42 shows the capacity-to-demand ratios obtained for the six cases considered for 
Mechanism 10. The nomenclature adopted for each mechanism uses the name of the 
mechanism, the level at which the mechanism starts and the level at which the inclined crack 
that defines the plane of rupture ends. In this way, the case “M10-Gr-Second”, for example, 
corresponds to the Mechanism 10, starting at the ground level (the abbreviation Gr is used) 
and with an inclined crack that ends at the second level. This particular case is illustrated in 
Figure 4-38, presented in the previous section of this report. 
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Figure 4-42 Mechanism 10. Kinematic Nonlinear Analysis. NCSE
The results indicate that the safety of the mechanism is not verified. It is worth mentioning 
that this situation is controlled by the 10 cm maximum displacement limit set at the roof level. 
In fact, if this limit had not been considered, the capacity
which is the “M10-Gr-Fourth” would have been 8.35. This very high ratio confirms the 
stability of the core as it was pointed out earlier. However, the 10 cm limi
account to ensure the stability of the floor framing system. Under these circumstances and 
following the adopted methodology of the Italian normative, the results indicate that the 10 
cm limit is not satisfied. 
The results show a clear trend: as the level at which the crack ends is higher, the capacity
demand ratio is lower. This was expected since as the level at which the crack ends is higher, 
there is less stabilizing weight not only at the rear wall of the core (which is the more
effective), but also at the lateral walls of the core. Note that the decrease in the actual ratio 
value is not too significant: it goes from 0.604 for the “M10
critical “M10-Gr-Fourth” case. Once again, it should be mentio
is due to the 10 cm limit considered in the analysis. In fact, if the 10 cm limit had not been 
considered, the capacity-to
case and 8.35 for the critical “M10
stabilizing effect of the weight in the rear wall of the core can be clearly recognized.
 
0,5
0,54
0,58
0,62
M10-Gr-Ground M10
d
u
* /
∆∆ ∆∆ d
 “Eixample” 
-02 Type IV
-to-demand ratio for the critical case 
-Gr-Ground” case to 0.560 for the 
ned that this small difference 
-demand ratios would have been 22.76 for the “M10
-Gr-Fourth” case. Therefore, without the 10 cm limit, the 
-Gr-Principal M10-Gr-First M10-Gr-Second M10-Gr-
Mechanism
 99 
 
 
t must be taken into 
-to-
 
-Gr-Ground” 
 
Third M10-Gr-Fourth
  
100 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS
• Mechanism 11 
This mechanism is similar to Mechanism 10, but it considers cases where the mechanism 
starts at an elevated level. From Mechanism 10 it was concluded that the critical condition 
occurs when the inclined crack that defines the failure plane ends at the fourth level in the rear 
wall of the core. According to these results, it was decided to analyze only four
mechanism. The mechanisms start at each one of the elevated levels Principal to Third, but 
the inclined crack that defines the failure plane always ends at the fourth level.
Figure 4-43 shows the results of the cases studied for the critical seismic scenario that was 
found to be the NCSE-02 soil type IV. The same nomenclature used for the Mechanism 10 is 
adopted here. Since these mechanisms start at elev
considered for the safety verification. Note that the result of the case “M10
also included here just for comparison purposes.
 
Figure 4-43 Mechanism 11. Kinematic Nonlinear Analysis. NCSE
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expression 2.25. Since both expressions must be satisfied to ensure the safety, it is concluded 
that the mechanism is not verified. Note that mechanism “M10-Ground-Fourth” is the critical 
case of all those considered for Mechanisms 10 and 11. The trend observed is similar to the 
ones pointed out and described for previous mechanisms (see, for example, the discussion of 
results for Mechanism 1). 
 
• Mechanism 12 
As it was the case for Mechanism 10 and 11 that analyzed the overturning of the core in the 
longitudinal direction, the critical condition when the overturning of the staircase core is 
considered in the transversal direction corresponds to the case in which the mechanism starts 
at the ground level and the inclined failure plane ends at the fourth level in the rear wall 
(M12-Ground-Fourth). The capacity-to-demand ratio calculated was 0.552. The safety of the 
mechanism is not verified, but as it has been pointed out for also for Mechanisms 10 and 11, 
the controlling limit is the 10 cm maximum allowed displacement at the roof level. The 
behavior for this mechanism is exactly the same as the one described in Mechanism 10, the 
only difference is that the capacity-to-demand ratios are slightly higher for mechanism 12. 
This is reasonable given the smaller stabilizing moment arm for the overturning mechanism in 
the transversal direction. 
 
• Mechanism 13 
Given that the nature of this mechanism only allows for the use of a force-control 
methodology, the safety verification for this sliding case is performed using only the 
kinematic linear analysis. The methodology proposed by the Italian normative for the 
kinematic nonlinear analysis, in which a capacity curve is defined, is intended for mechanisms 
involving the rigid body rotation of the macroelement. 
According to this reasoning, the acceleration that activates the mechanism can be determined 
by equating the acting inertial force, to the resisting force given by the contact friction at the 
plane of failure (cohesion is neglected following the assumption of no tensile strength for the 
masonry used in the limit analysis): 
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dvqof wfUtqol JutvU   xUrorqof JutvU 
                        y ·        * · z             
where 
m is the mass involved in the mechanism 
 a is the acceleration that activates the mechanism 
µ is the coefficient of friction  
N is the normal force acting at the plain of failure 
 
The normal force N is equal to the mass involved in the mechanism m, multiplied by the 
gravity acceleration g: 
y ·   * · 	y ·     *          
The resulting equation indicates that the acceleration required to activate the sliding 
mechanism (given as a fraction of the gravity) is equal to the coefficient of friction. In other 
words, the value of a0
* in the expressions 2.22 and 2.23 used for the safety verification in the 
kinematic linear analysis, should be taken equal to the value of the coefficient of friction µ. 
Expressions 2.22 and 2.23 are shown below for convenience.  
 
                                                                        ,Q  ( · V                                                                  	2.22 
                                                                 ,Q  '	A · W	X · YV                                                     	2.23 
 
Figure 4-44 shows the capacity-to-demand ratios for the linear analysis verification when a 
coefficient of friction of 0.6 is used. The results are presented for all the seismic scenarios 
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considered. The mechanisms analyzed are identified in the figure by the mechanism number, 
followed by the level at which the plain of failure is considered to occur. 
The results indicate that the safety of mechanism 13 is verified. As expected, the critical case 
occurs for the case “M13-
spectrum. The capacity-to-demand ratio calculated for this case is 3.1.
It is reasonable that the mechanism occurs at the highest level given that the normal force 
is lower at that location (and therefore the resistance force is lower). Also at the fourth level, 
the demand acceleration is the highest due to the factor of acceleration amplification. 
 
Figure 
   
4.3.4 Parametric Analysis
As explained in section 4.2.6 of this report, a maximum allowed displacement of 10 cm at the 
roof level has been set as a limit to ensure the stability of the floor framing systems. This 
value was chosen as a reasonable average condition that could be found in the buildings of the 
Eixample district. However, the actual length of support of the floor framing beams on the 
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bearing walls can be less than 10 cm, and varies from one structure to another, even inside the 
same building. For this reason, a parametric analysis on the main façade was performed in 
order to study the effect of this variable on the actual safety of the buildings. 
During the analysis, the maximum allowed displacement at the roof level was set as 10 cm, 5 
cm and also a case without any limitation was considered. For the last case, only the 
displacement limit found by means of the capacity curve was used as the ultimate 
displacement capacity du
*. 
Only Mechanisms 1 and 2 were considered in the parametric study performed on the main 
façade (see section 4.3.1.1 for the description of these mechanisms). From the results obtained 
in the analysis presented in section 4.3.1, it was observed that for these two mechanisms the 
lowest capacity-to-demand ratios were obtained for the mechanism starting at the ground 
level when subjected to the NCSE-02, soil type IV demand spectrum. According to this, the 
parametric analysis is performed only for the mechanism “M1-Ground” and “M2-Ground”, 
considering the seismic solicitation mentioned above. Finally, it is worth to mention that only 
the kinematic nonlinear analysis was considered in this study given that it is the only one that 
deals with the displacement capacity. The kinematic linear analysis is a force-based analysis 
and therefore is not suitable for the purposes of this parametric study. Figure 4-45 compares 
the capacity-to-demand ratios obtained for the different maximum allowed displacement 
limits considered in the study.  
As observed, the safety of Mechanism 1 is not verified for any of the displacement limits 
considered. However, a significant decrease of the capacity-to-demand ratio is recognizable. 
This value decreases form 0.841 for the case with no limit, to 0.285 for the 5 cm limit case. 
Mechanism 2, on the other hand, is verified for the case in which no maximum allowed 
displacement limit is set at the roof, and the ultimate displacement capacity of the mechanism 
is determined only by means of the capacity curve. A capacity-to-demand ratio of 2.104 is 
found for this case, putting in evidence the stabilizing effect gained when a good connection 
between the façade and the orthogonal walls exists (compare the ratio 0.841 for Mechanism 1 
to the 2.104 ratio for Mechanism 2). This result is presented only for the purposes of the  
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Figure 4-45 Comparison of Capacity
 
parametric analysis, in practice, the loss of beam support at the roof already represents the 
failure, since a progressive collapse of all the other levels below will occur.
A dramatic decrease of the 
displacement limit is set. In fact, the safety of the mechanism is not verified for the 10 cm or 5 
cm cases, reaching a lower value of 0.282 for the 5 cm limit case. The stabilizing effect 
previously mentioned, is not recognized for the cases where the limits of 10 and 5 cm are 
considered (the ratios of Mechanisms 1 and 2 are practically the same for this cases). This 
occurs because the displacement limits that have been considered control over 
displacement limit obtained by means of the capacity curve (40% d
Another parameter studied in this analysis was the effect of considering a restraining force 
given by the contact friction between the floor framing beams and the façade wall. In ord
estimate the magnitude of the restrain forces, a coefficient of friction between the surfaces of 
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The 10 cm maximum allowed displacement at the roof, corresponds to a spectral 
displacement of 7.2 cm at the control point (taken as the centroid of the acting forces in the 
macroelement). At this spectral displacement, a sudden decrease in the capacity curve takes 
place, representing the moment at which the beam support at the roof level is lost and 
therefore, its corresponding restraining effect on the façade wall. The collapse of the roof will 
cause the progressive collapse of the floor framing at all the other levels below. After this 
point, the capacity curve represents the capacity of the wall by itself, without any kind of 
restrain. 
The graphical representation of the verification is shown in Figure 4-46. The point where the 
secant period line Ts intersects the NCSE-02 Type IV demand spectrum determines the 
displacement demand. As can be seen, the displacement demand is lower than the ultimate 
displacement capacity du
* (that in this case is controlled by the 10 cm limit), indicating that 
the safety of the mechanism is verified when the frictional restrain forces are considered in the 
analysis. 
 
         
Figure 4-46 Capacity Curve and Safety Verification for M1-Ground. 10 cm Limit 
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A similar approach to the one described above was used to determine the capacity curve when 
the 5 cm limit is considered. The obtained curve and the graphical representation of the 
verification is shown in Figure 4-47. In this case the displacement demand is higher than the 
ultimate displacement capacity, and therefore the safety of the mechanism is not verified. 
Note that the secant period line Ts, intersects the capacity curve in the portion in which the 
restraining forces are not longer taking effect. For this reason, the obtained capacity-to-
demand ratio of 0.285 is exactly the same as the one for the case in which the floor restrain is 
not taken into account. The capacity-to-demand ratios for the cases with and without the 
frictional restrained forces are compared in Figure 4-48.  
 
 
Figure 4-47 Capacity Curve and Safety Verification for M1-Ground. 5 cm Limit 
 
The results obtained in the parametric analysis reveal the importance that the actual support 
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offered by the friction between the floor beams 
If this information is not available, it is more convenient to neglect these forces and be on the 
conservative side.       
 
Figure 4-48
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5. PROPOSED INTERVENTION AND RECOMMENDATIONS 
The results of the analysis of local collapse mechanisms presented in Chapter 4 indicated that 
the safety of the out-of-plane mechanisms evaluated was not verified. In particular, the 
instability of the floor framing system caused by the loss of support was identified as the 
critical problem. In this chapter, a possible intervention to avoid this situation is proposed. 
Additionally, recommendations for future studies in buildings of the Eixample district are 
given.  
5.1 Proposed Intervention 
The instability of the floor framing system caused by the loss of support was identified as the 
critical issue for the out-of-plane mechanisms studied in the previous chapter. This problem 
can be effectively solved by means of the use of ties. The ties “hold” the building together 
avoiding the loss of support of the floor framing beams. Additionally, they tie forces act 
efficiently against the out-of-plain overturning of the walls. 
Since the issue related to the instability of the floor framing system is assessed by the use of 
ties, during the verification of the mechanisms the limit set for the maximum allowed 
displacement at the roof level is not applicable anymore. Therefore, the ultimate displacement 
capacity du
*, is given only by the value obtained by means of the capacity curve. Moreover, 
what is typically done in practice when an intervention of this type is designed is to use the 
kinematic linear analysis to determine the required restraining forces to be provided by the 
ties. Since the safety is verified by means of the linear analysis, a verification using the 
nonlinear analysis is not required according to the provisions of the Italian normative. This 
approach is used in the present study. 
The roof level is the most effective location for the ties. The higher the ties are located, the 
larger the stabilizing moment arm is. In order to determine the required restraining force 
provided by the ties at this level, the critical out-of-plane cases identified during the analysis 
performed in Chapter 4 are used. 
In the longitudinal direction, the critical cases for the kinematic linear analysis were the out-
of-plane mechanisms “M1-Ground” and “M4-Ground” when subjected to the Probabilistic 
Zone II demand spectrum. These cases were analyzed for the main facade and for the interior 
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wall F (see Figure 4.37 for wall identification). For the transversal direction the same cases 
were identified as critical. Interior walls D and E a
The results of the analysis indicated that a tie force of 110 kN is needed at the roof level in 
order to satisfy the safety verification in the longitudinal direction. For the transversal 
direction the required force was only 45 kN. 
to-demand ratios before and after the application of the 110 kN restraining force for the 
longitudinal direction. Similarly, 
application of the 45 kN force for the transversal direction.
 
Figure 5-1 Comparison of Capacity
                          Direction, Tie Force = 110 kN)
 
As can be observed, the critical case that determines the 110 kN force required in the 
longitudinal direction is the “M1
restraining force, the ratio is increased from 0.169 to 1.01 and the safety is verified using the 
linear analysis. The capacity-to-demand ratios for all the other mechanism are clearly high
than 1.0 after the application of the restraining force.
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restraining force is controlled by the mechanism “M4
capacity-to-demand ratio was increased from 0.05 to 1.056.  
  
Figure 5-2 Comparison of Capacity
                           Direction, Tie Force = 45 kN)
 
The required forces are easily achievable using reinfo
reinforcing steel bar can provide about 45 kN of tension force. According to this, a reduced 
number of widely spaced tie bars could be used. However, if the spacing between ties is too 
large, a mechanism characterized by 
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Figure 5-3 Proposed Tie Layout 
 
When ties are used, a local collapse mechanism of the type shown in Figure 5.4 is likely to 
occur. This mechanism will be referred to as Mechanism 14 in this report. The mechanism is 
controlled by the vertical distance between supports. The results of the analysis performed 
indicated that additional support must be provided at the fourth and second levels in order to 
avoid Mechanism 14. According to this, rebar ties as the ones proposed for the roof level in 
Figure 5-3 should also be placed at the fourth and second level.  
 
Figure 5-4 Mechanism 14.( D’Ayala and Speranza, 2002). 
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5.2 Recommendations for the Analysis of Local Collapse Mechanisms of “Band” 
Buildings of the Eixample District. 
In this section, the most important findings of the analysis performed in this study are listed. 
Although most of these issues have already been discussed in this report, they are summarized 
and reported as a set of recommendations in this section. The aim of this set of 
recommendations is to serve as a guide for the analysis of local collapse mechanisms for the 
“band” buildings of the Eixample district. In this way, the number of cases to consider in the 
analysis is highly reduced and only the critical local collapse mechanisms are evaluated. The 
mechanisms to which reference is made in this section are described in Chapter 4 and section 
5.1 of this report. 
 
• A maximum allowable displacement at the roof level must be taken into account to ensure 
the stability of the floor framing system. For most cases, this limit controls the safety 
verification. Ideally, this limit should be based on a preliminary visual inspection of the 
building, in which the length of support of the floor framing beams on the bearing walls is 
determined. The inspection should be carried out at different locations as it is very likely 
that the actual support length varies from one place to another. 
• Structural walls that are not braced by the floor framing system on both sides should be 
evaluated for out-of-plane mechanisms. The kinematic nonlinear analysis should be used 
for the safety verification, and the predefined maximum allowable displacement at the 
roof level should be taken into account to determine the ultimate displacement capacity. 
• Although the most likely out-of-plane mechanism to occur depends on the actual 
conditions of the particular structure under study, it is recommended that an analysis of 
local collapse Mechanism 4 be performed. Likewise, it is suggested that either Mechanism 
1 or 3 (depending on factors like the connection of the lintels to the masonry piers, etc) be 
evaluated as well. If the seismic hazard is characterized by means of the demand spectrum 
formulation proposed by the Spanish normative NCSE-02, mechanisms starting at the 
ground level control the safety verification. 
• In general, in-plane mechanisms do not represent a threat for the safety of the structure. 
However, when slender panels (panels with a large height-to-width ratio) are identified in 
the structure, it is strongly recommended to perform the safety verification for Mechanism 
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7. Although this mechanism showed to be particularly weaker at the upper levels of the 
structure, special attention should be paid at the ground level of the building where the 
large size of the openings, summed to the greater height of this story result in the presence 
of slender panels. 
• The restrain provided by the friction between the floor framing beams and the walls where 
they are supported must be carefully evaluated. The actual support length of the beams 
highly influences the behavior. If the appropriate information about the support length is 
not available, it is recommended to neglect the frictional restrain in order to avoid 
unconservative results. 
• When the safety against the out-of-plane overturning of the walls is not verified, the use of 
ties is a recommended solution. In addition to restrain the development of out-of-plane 
mechanisms, the use of ties effectively ensures the stability of the floor framing system by 
holding the structure together. If an intervention of this type is proposed, Mechanisms 6 
and 14 must be verified. In fact, the analysis of these mechanisms is crucial for the final 
determination of the horizontal and vertical spacing of the tie bars.    
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6. CONCLUSIONS 
The district of Eixample was conceived as a solution to the density problems that the city was 
experiencing during the first half of the XIX Century. It was designed by the engineer don 
Ildelfons Cerdà and built between 1860 and 1950. The Eixample is located approximately in 
the central part of Barcelona and covers an area of 7.46 km2. It is the most populated district 
of the city with approximately 260.000 inhabitants that represent nearly the 18% of the 
population of Barcelona. The district has the second highest density population of Spain. 
Nowadays the district, characterized by elegant façades and chamfered corners, constitutes the 
most representative district of the central part of the city holding its main streets, squares and 
points of touristic interests. 
 
Nearly 70% of the buildings located in the Eixample district have a structural system 
consisting of unreinforced masonry bearing walls. The floor framing system consists of a 
series of ceramic vaults supported on a system of one-way steel, wood or reinforced concrete 
beams. These buildings were designed to withstand vertical loads only, completely neglecting 
the solicitations produced by a seismic event. Moreover, the ground level of these buildings, 
intended for commercial use, is characterized by a greater height and big size openings. In 
many cases the bearing walls are stopped at the principal level, where a grid of iron or steel 
beams transfer the loads to a set of cast iron pillars. The strength and stiffness of the bearing 
walls is interrupted and dramatically reduced. This situation creates a weak story condition 
that is very harmful to the structural resistance against seismic actions. Likewise, the 
inappropriate interlocked connection between the bearing walls and the secondary orthogonal 
walls, the addition of new floors that has taken place in many buildings during the years, and 
the significant amount of external ornamentation, constitute other weaknesses of the Eixample 
district buildings. 
 
Results of previous studies performed to assess the seismic vulnerability of the buildings of 
the Eixample district indicate that although the seismic hazard for Barcelona is low to 
moderate, the significant vulnerability of the buildings in the district is such that considerable 
seismic risk is expected. In particular, it has been reported that the probability for the high-
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rise, unreinforced masonry buildings of the district to attain a severe damage state is between 
30% and 40% when the seismic hazard is characterized by means of a demand spectrum 
developed using a probabilistic approach. 
 
The capacity spectrum method for local collapse mechanisms is developed as a result of the 
observations made during post-earthquake damage surveys performed on unreinforced 
masonry structures of historic towns after seismic events that took place during the last couple 
of decades. In these surveys, recurrent damaged and collapse mechanisms that usually involve 
only localized portions of the building and not the entire structure, have been identified.  
These localized portions are characterized by a mostly autonomous structural behaviour in 
comparison with that of the rest of the building. The Italian normative proposes a procedure 
that makes use of the limit analysis theory, in particular the kinematic approach, in order to 
obtain the capacity curve of a determined portion of the structure to which a local collapse 
mechanism is assigned. This methodology has been used by different researches to assess the 
seismic vulnerability of historic towns in which the unreinforced masonry bearing walls 
system is the prevailing building typology. 
 
The results of the seismic analysis of local collapse mechanisms for the typical “band” 
building selected in this study as representative of the typology found in the district of the 
Eixample indicate that the safety of the out-of-plane mechanisms studied using the kinematic 
nonlinear analysis is not verified when the building is subjected to the demand spectra NCSE-
02 soil type III and IV, and to the Probabilistic Zone I demand spectrum. In several cases, the 
instability of the floor framing system due to the loss of support of the beams on the bearing 
walls controls the safety verification. This instability is accounted for in the analysis by 
setting a maximum allowable displacement at the roof level of 10 cm. Given the importance 
of this parameter, it is recommended that for cases in which a particular building of the 
district is being study to propose and intervention, this limit be based on a preliminary visual 
inspection of the building, in which the length of support of the floor framing beams on the 
bearing walls is determined. The inspection should be carried out at different locations as it is 
very likely that the actual support length varies from one place to another. 
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From the analysis of out-of-plane mechanisms it can be concluded that the critical case is 
given by Mechanism 4, followed by either Mechanism 1 or Mechanism 3 (the most likely to 
occur depending on factors like the connection of the lintels to the masonry piers, etc). The 
lowest capacity-to-demand ratios are calculated for the cases in which the mechanism starts at 
the ground level when subjected to the demand spectrum NCSE-02 soil type IV. It is 
important to mention that these critical cases are identified for the particular building analyzed 
in this study. In practice, the most likely out-of-plane mechanism to occur depends on the 
actual conditions of the particular structure under study. However, given the characteristic 
homogeneity of the Eixample district, it is expected that the findings of this study can be used 
as a guide for future studies of different building of the district. 
 
The results of the analysis of the representative building selected in this study indicate that in-
plane mechanisms do not represent a threat for the safety of the structure. It  is observed that 
the slenderness of the panels present in the structure highly influences the safety verification 
of the mechanism. The larger the height-to-width ratio of the panel, the weaker the 
mechanism is. Based on the analysis performed, Mechanism 7 is identified as the critical in-
plane case. Although this mechanism shows to be particularly weaker at the upper levels of 
the structure, special attention should be paid at the ground level of the building where the 
large size of the openings, summed to the greater height of this story result in the presence of 
slender panels.   
 
The interior staircase core treated as a whole is very stable against the overturning 
mechanisms due to the large stabilizing moment arm developed between the front and rear 
walls of the core. However, the maximum allowable displacement limit of 10 cm set at the 
roof level to ensure the stability of the floor framing system controls the safety verification of 
this type of mechanisms. The interior staircase core is not able to overcome this limit and the 
safety of the mechanism is not verified. On the other hand, the safety of the sliding 
Mechanism 13 is verified. The minimum capacity-to-demand ratio calculated for this 
mechanism is 3.1 and corresponds to the case in which the plane of failure is considered to 
develop at the fourth level of the core under the Probabilistic Zone I seismic scenario. 
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A parametric analysis intended to study the influence of the actual support length of beams on 
the safety verification of the out-of-plane mechanisms was carried out. The results of the 
study show that this variable highly influences the behavior, especially when the frictional 
restrain offered by the contact between the floor framing beams and the walls is considered. 
The study of an out-of-plane mechanism indicated that the safety changes from being verified 
for a 10 cm support length, to not being verified for a 5 cm support length. Given the 
sensibility of this parameter, it is recommended that if a particular building of the district is 
being studied with the intention to propose an intervention, the frictional restrain forces be 
neglected in order to avoid unconservative results. 
 
The use of ties to prevent out-of-plane mechanisms is an effective intervention. In addition to 
properly restrain the development of such type of mechanisms, the use of ties effectively 
ensures the stability of the floor framing system by holding the structure together. If an 
intervention of this type is proposed, Mechanisms 6 and 14 must be verified. In fact, the 
analysis of these mechanisms is crucial for the final determination of the horizontal and 
vertical spacing of the tie bars.   
 
Finally, it is possible to conclude that the use of the capacity spectrum method for local 
collapse mechanism is an appropriate procedure to assess the seismic vulnerability of historic 
unreinforced masonry buildings. In the case of the present study, the use of this methodology 
allowed to conclude that the vulnerability of the selected building that represents well the 
typology found in the district of Eixample is considerable. It is interesting to see that this 
result is in agreement with what has been found by other researchers using the capacity 
spectrum method analyzing the structure in a global fashion. 
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Figure A- 3 Mechanism 1. Noninear Analysis. Expression 2.25
 
Figure A- 4 Mechanism 1. Noninear Analysis. Expression 2.26
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Figure A- 7 Mechanism 2. Noninear Analysis. Expression 2.25
 
Figure A- 8 Mechanism 2. Noninear Analysis. Expression 2.26
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Figure A- 11 Mechanism 3a. Noninear Analysis. Expression 2.25
 
Figure A- 12 Mechanism 3a. Noninear Analysis. Expression 2.26
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Figure A- 15 Mechanism 3b. Noninear Analysis. Expression 2.25
 
Figure A- 16 Mechanism 
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Figure A- 19 Mechanism 4. Noninear Analysis. Expression 2.25
 
Figure A- 20 Mechanism 4. Noninear Analysis. Expression 2.26
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Figure A- 23 Mechanism 5. Noninear Analysis. Expression 2.25
 
Figure A- 24 Mechanism 5. Noninear Analysis. Expression 2.26
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Figure A- 27 Mechanism 6
 
Figure A- 28 Mechanism 6
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Figure A- 31 Mechanism 7. Noninear Analysis. Expression 2.25
 
Figure A- 32 Mechanism 7. Noninear Analysis. Expression 2.26
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Figure A- 35 Mechanism 8. Noninear Analysis. Expression 2.25
 
Figure A- 36 Mechanism 8. Noninear Analysis. Expression 2.26
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Figure A- 37
 
Figure A- 38 Mechanism 9
0,0
2,0
4,0
6,0
8,0
10,0
12,0
14,0
Zone I Zone II
Probabilistic
a
0
* /
a
d
M9 - Ground
0,0
5,0
10,0
15,0
20,0
25,0
30,0
Zone I Zone II
Probabilistic
d
u
* /
∆∆ ∆∆ d
 “Eixample” 
 Mechanism 9-Ground. Linear Analysis. Expression 2.22
-Ground. Noninear Analysis. Expression 2.25
Zone I Zone II Type III Type IV
Deterministic NCSE-02
Demand Spectra
Zone I Zone II Type III Type IV
Deterministic NCSE-02
Demand Spectra
 143 
 
 
 
 
Soil B Soil C
Eurocode 8
Soil B Soil C
Eurocode 8
M9 - Ground
